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A bstracti

lihe p)erformaInice( of an oi,)t oil or rol )ot l delo\'vie (caiinll I) wni.iIu(l ini t(Ilim.

of its power (4liiiie1cy. Screw thi(.Nv is .isedl to mliathemialitcallv define tie task in-

stanat taneously wit.h two screws. The task wreiich (efiies the efFect of the lelevice onl

it.s environiment. and the task twist lescribes the inotmioi of the M evice. hie tasks call

be separated into three task types: kinetic. nm anuipulatiwve. and reacti. licici \"

met 'ic:s are developed for each task t ype. The out put power is st ricl ]v a t1111( in of

the task screws, while device input power is shown to Qe a funl (lion of the task. the

device .Ja(col)iafn, an d the actuator tyepe. Expressions for input power are (lcewuloped

for two colnnon tyypes of actuators. l)(' servo'omotos aild hv(haili" act iators. Siluilh

examples are used to illustrate how power analysis c(Al l)e used for task/workspace

plainning, actuator selection, device configuration design, and redundancV resol mit ion.
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POWER ANALYSIS IN FLTXIB t T A TO ATION

I. Ih14t7odu'ctio7.

A\ll 1iilerlvill cost in al asp)ects of elgillierinl io s t lie (0,, 1 ci(lce\. I Ihis is

p)art ic Vlarl t true of i i aiitll l t liOll and ro lot i's alpplicai•dthl l-> III i ,ri->, ]ar.,'

liililltei's of rob)ots II se ipowe r to lilt. weld, paiIiIt. a ,d ( liii(I Iii f);if( III C. I),It)I (ut

aI)p)licat Iolis wolld use eier'gY derived frolI fuel or eqIII pII clII whuicI co•'. > tI 1j• ii 1 III(

of' dollars per pound to launch. Ihle eiiergv effi(ieliV of l ro1bo, ,ii Ih ,,. a ,I-nat IIic

effect oil the ecolnoic feasibility of a system. Yet this Itopic is s,.llom iil•' editt ,'il in

robotics ^id autoomation literature.

1.1 Alofivation and Goals

In order to design and use r-obotts in an eiiirgy ciilt ati i•er, a basic adalysis

of t heir energy use is required. This t lesis develops a im Ielod ,to pualit I Iv h, I ,wer

efficiency of a robotic iiiechainisni iII the coliJplet ion of a s! ecifii, I task. l I I lis cli,.

the task is defined mathematically using scre\I . an(d a Ill!h':, i ,level,' r,,,

that. describes the power consumption of the robot in terms of lhe lask. Since

the app)ropriate measure of efficiency of the Inechanisni depends upoen ll, tiatuire

of the required task. several metrics are proposed( to cover tlie speCtlriIm of lask

possibilities. Finally, the utility of power analysis is illust|rated through the use of

multiple applications. These include examples of how power analysis can be used for

task/workspace planning, actuator selection, maniplulator design, and redlindalncy

resolution.
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1_2 Sll opt

~'tlg. F I( re- laoI sV. plvdrlil ld I t 11 sd l f('akg S I Crcillsl I ,;Isin itil I I I - I .it t .I .I\iitd l t it' o

\'itc II I I h is iSiltiIrel io F . a ('011 ý j~ t' 11c1( jolst i i l lt)l fi ll op or 11 (1 It, Ilt dit 'itil I hlt fi' \\Il t

jiit 1) oI- il . F I st .'a( I r pt i g o I I h Iv i Iof II isi - st1 at i ',()I i-dat jolil t' I t I 1,1cI I, )'I'Ii Ii li )t -( -II itL

Iliil 'lelCf( The aload~"s.I vIicts ll is (oiurcesoII'l- tiCl tollad at~tiltS lot lt'\itt' 11 It itli lola)t

li cat 1 a 1'ct'leat ino o stta ollts O whpl e re ()t fila('rae ji l(jI' it'S rt' (dfijt, ert'st

It tlv Ilie olt'vi{''s loedl.;I cmlex *Iustra loll (I'xa;I I1 )le are I tIiittc c oll,4. lnasIles link)I

ton tase ksh corn (dt which is coia lex tv. these alilsisi alsittlis r( 'ý 1.% tt ;11s11i is ()II th

power auialysis. but Serve to mtake this jut rotitict orv efrort iiorc Ia igltI.lII thle

ftire. It is hiopedl that refilvielleit" c all 1 ,( Iiida to Ih bi asic 'jillit julis t's ai tlijshett

here.

1..- iir.sis or(' 'rw III

The priulposec of' (Chapter 11 is twof'old. Thle first purrposte is, to acqualllit t11c

rea'der wi I t1 ear11lier researIch I II th en' I ergy ef cltlI cin' of robots Sit I Xit I II I l it' Iaj' IV t o

ot hIfcr ml iitt 1( proposedl to aid mII I01robotltsigui Ialild alppliIca I lS. t't'' ollil. I Ilit ot tiI t'S

used to p~rovidet a b~asic' uniderst andidng of sc'rew t hnorY arid H it' wttkitigs ttl loltott its

actutators are reviewted.

Chiapt-er III I a.Ys the foil ndath- loll I'or tilie pow r aria lYSIS. Stcrew 1I i' rv Is Itev\iewed

for uise Iiti t. fe t ask del'i ri It ion. ('a tegoriza t iot of' t ask I vpes. a 11it II( ( lt'vt 'op I I I of itt I al

exhpression for oult.Ipit poer An Ideal model for robottit's actita~tls.ý is. al1so Jplt'5t'itedt

1-2



whlichl prov\ides ýt stl ;II III(-' 4411 1)l I14 i kw I 11he 41 ]kill1 I41 44 c ;1 14 l4 ikl4 111144 Ii - ".

Chap)11> lute IV I14s II ' (ISVll () 14',\ 14lsl.4 ( 'I 11''n are III(-41(' aI 41'h 4' lll ,(I o l I l

c ai cr 1F4 I( It -st .)4 I ' 'I I 15 I I c v to4 14 1 4,11 ' I I li a11 S41141 ' 'I' i 14II ;I4 lt'

re Iit I 1 ( () ,1 c t)O I I 14)5 I I 4 ji S I Ifll lt ý ('4I IIIC 1141 II ( l cI S 'I " )\4I ic S ( I I14 c !2i( ) I I41 114 ý(

tI~ ( he towe I tas he)t ask. 14 111(1 S'1 41 outplfM ( I 1.114' '11)1' 1 Is)))C t IlIh i llt'' 4!

(A power' loss~4'1C a!1(I ( 1('(il(5I 114'i 1 lchda? io c14) task p(vpe. 111!ýc lcli)

('liaptIll' cilV ('OiCIlljli 1 '4)1' 111)lCal~I olil)O\V aiiame i [,()I. ro m lc Ii(' ch;(1W 11 11,lI 1Ll

Il11(tli('S. Thiese examples)(' demons01t rate meth( d 11015 4) task/worksIpac4 jIamillig. it(I Iif

ator c'om~parisonl mVali pulilaol 01coil figii ia I loll ('ollill-~ I5oll and1( re('ll 1diI(Vf 'olll

lusi ig) power aiiak I\Sj.

C'hapter VI summ1itaize(' I lic esul5ts ol' ChIap~ters IV and4 V. aild I)Io\1414' 44411
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I'hiiergy efficieiicv lii roi)ot ifs hasi, ot0 hell well si I I IdIed. 'I'llIs iiiaY be at tiI l.hut c' I

to thle relative noveltY of, Ihe hel~d. si ice 1 lie builk of resea;rch has ileces~sari ly becil

(devoted to first tincenst a~n(iig I lhe kiueiiiatjWs. (ylvitiaiics and cli (1 ol of' r'obots. 0One

of' the early dliscussion s ol' energy efficRlelc v was lin thle (0111ext. of' a walking robot.

where HIrose and lIiietarii lii 1 980 (1 ) and \Valdroi. and l\*Iiiel liit 1981 (2) discussed

one of tile a dvaiitages of' a panito(gra ph gconiiiet-rv as Iwi n g at Iilgh iin 'clia iiica I efcinc]1CV.

III p~art icular. \"Valdrllo mfeniont 1015 ack-(lri \c-n actunat ois as a sour ce of, inefficienIcy

Ill robo0ts.

In 1988, Song aiid Lee (3) (out iiiedl the iiivestipat ion of Ihle mechanical efl-

ciency of pantograph type main ll ipators. TheyN defined geomietric wvork as tile dfiffer-I

ence between actuator wvork andl ouitpult. work of a robotic sYstemi, and (lCilollstrat ed

that a. nmassless pantograph manipulator does zero geomietric work.

Most recently, Spenny and Lealir (-I) used the conicep~t of geometric work to

define geomnetric mechanical efficleiicv (GAML). G IF. wa~s tOhn usedl to let~erliniie thle

optlinum 2-DOF mlanip~ula~tor (lesignl for lifting Illiia gravi ty field. They ConsideredI

serial, parallel. and paritogra 1)h tYpe ii an ipu lators aId neo r ted the maiss of'

the links into the stuidy. Their result~s Indicated t~hat. iii fact, aI pa~ra~llel st ruictur('

canl outperform the pantograph over a significant port ion) of' workspace uinder t hese

conditions.

Many other i netrics liIave beeni prioposed t~o definle t lie (j iialIitv ol'a ii aniij la it or

or a grasp. One of the most.w~e applicable of thiese is tihe rn (avitre of inantupitabibly

(MOM) defined by Yoshikawa lin 1984 (8). Th'le MIOM is at function of thle deterinilna lit

of the .Jacobian and its tra~nsp~ose. It, Is a continuous nlea-stre that evaluates the

kinematic quality of' robotic meICh~a nisiris andI (-ar he ised Iin design ari(l control of'

rob~ots. A similar qualaity ineasin ie was suggest ed by Sal isbn iv anid (Craig lin 1982 (6).



Tlheir lietric was tile colndilion illilliber of the .Jacolan nIIItrix lii 1991 . Nlc.\r Ie

o . al. (7) applied anot h(er similar Iwasuri', the deteriii iant of 1Ilie .Jacobiall. to I lie

grasp)l-g problem. AlI of these measures can be used I o avoid si uil ar con fligral ot il

of a inechaijistl. anid will find solit liols t lat p)rovide a sI rong rsfpolise of lie eld-

cffector to t.le actuat:),s. T1hey can be cliaracterizel a., "coit rollail lil\"" n1.1asures.

Another important concept used in redundancy resolution is tile )otienitial function.

Naku mura (8) provides an excellent denionstral lion of its applica lion in robotics.

Screw theory has been widely used in robotics literature to illustrate tile dv-

nanics of spatial mechanisms. In this thesis, screw Ih•,orv is a. important tool for

characterizing the task to be performed by a. robotic device. Ball developed much of

what is now known as screw theory in 1900. p)roviding a comlacl notation fOr force

and motion in space. A modern review of screw theory is given by Bottema and

Roth (9). In 1978. Hunt (10) demonstrated its applications in kinematic analysis

of comrplex mechanisms. Screw theory has seen significant, apl)lications in robotics

l)rimarily for grasping theory; see for example, the work of Salisbury and Rot h (11)

or Holzmann and McCarthy (12).

In 1960, Ohwovoriole extended basic screw theory for use in machine assemnblv.

The 1981 paper by Ohwovoriole and Roth (13). defines the concepts of repelling and

contrary screw pairs. These screw pairs complement Ball's reciprocal screw pairs in

characterizing contact between rigid bodies. A repelling screw pair implies a loss

of contact, contrary screws refer to the penetration of one body by the other. and

reciprocal screws are the case for maintaining normal contact. Ohwovoriole also

intro(duces a. virtual coefficient for a screwv pa.i r and i Interprets its ieaniigin n o tile

context of a fixed bo(. in contact with a. moving body.

Another area. of background knowledge important to the understaniding of' this

thesis is actuator design theory. In particular, hydraulic motors a.nd DC motors

are considered, since they are the most common types of actuators in modern in-

dustrial robots. Snyder (1,H) and Groover (15) give good basic descriptions of these

2-')



ac~t Uia or-" III a 1ioh otics conite(xt . buylls ( I 6) poide d u~(et ailed i boiuuiIlat loll Oil

the (il~acdterlst ics of, D)( motors and Ihanliock (IT-1) (learIV (expIlw1IS Ie p-Iulicijphe.

oh' eheet nc I) raklilw For at moure c'011 )IIp eh~euIsive (I sitI~s~lol Iof' I\drl I I I(.,. \\at tI m I(1

W\id1 a, pit ) , a11 t SO I I I'Ce.
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III. S'upporin.q Thcorry

.3.1 Sc'r1 Th(or!

Screw theory p)rovi(les a (oli)act iiotation for deswribilig force anl1 iiullt io llI

three-dimensional sqpace. 'his section is inteided a.s a review of the conin)uoit s ai(l

properties of screws. A more comprehensive discussion is given in Nlc(''art lI\ (19)

an(d Hunt (10).

3.1.1 Scrcu I)u scriplioi? A screw represents a line in space that hlas •in asso-

ciated pitch and iagin ititude. A useful analogy fbr ilt erpreting the physical iiwaiiii"g

of the coml)onent.s Is. not surprisingly, a screw. The centerliuie of t lie screw repre('sentls

the line, the thread pitch (which determines the ratio of linear motion to angular

motion) represents the pitch, and the magnitude represents the angle through which

the screw is turned. Six independent parameters are required to uniquely define

these characteristics. Thus, a screw can be represented by a six-vector of screw

coordinates

= (, , S2i .'3, -4 (3.1)

or more compactly i)v two vectors s and so as

S = (ss 0 ) (3.2)

When the screw is written in standard form, so is parallel to s. and can be given acs

ps. where p is the pitch of the screw.' In the coordinates given by equat lion 3.1, the

pitch is

.SI-S4 + S 5 + -53 S 6

S 2 + S 2 (+3.S3)

'When in standard form, generally only four parameters are used to describe the screw. This
is because the position of the screw in space is usually obvious from the problem, and a point on
the screw axis is chosen as the origin. If a completely arbitrary origin is chosen, the two othor
parameters are needed to specify a point, in space that is on the screw axis.

3- 1



and in the notation of eqjiiatloii 3.2. i1 fbe'oii l1(

S

s s

The magnitude of the scirew is defined as IlsHj. ,,,,less lIS11 = 0. In t Ilis cas•. • le pi))(]I

becomes undefined and tlieii the screw is said I o have infiinite pit cl and a niagnit nhde

of I1sO11.

3. 1.2 Scr.ir C(oordiia( 71'1ns.oirialle As with vectors. when spe'ific ciii-

ponents are assigned to a screw. a basis coordi iale frame is Implied. W\hell the screw

is in standard form (i. e. so = ps). then the origin of the coordlinate frame lies on t Ihe

axis of the screw. Often. however, it is mor(e convenient, to describe the screw inx a

frame that does not have it~s origin oiu the screw axis. Screw coordinate transl'orma-

tions provide the means of moving the screw between frames. The transformation

can be derived by considering a. non-standard screw and computing its equivalent

standard form. Suppose

S' = (w.v) (3.5)

where w and v are not. parallel. To put the screw into standard form. the origin

of the current frame must be displaced by a vector d, as shown in Figure 3.1. The

transformation is best understood when the components w,v are thought of as the

angular velocity and linear velocity of a point on a rigid body. Then it is clear that.

the displacement d does not affect, the angular rotation and

s = W (3.6)

The linear velocity is changed by the displacement and beconmes

s=v + w x d (3.7)
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S (s, Qd s

so

d(

Figure 3.1. Screw Coordihate Transforrnation

Standard formn requires so = ps = pw, so d is found by solving

pw = v+wxd (3.8)

Cross multiplying both sides by w, we can solve for d. and I.le result is

d 4= XV (3.9)

Note that the transformation does not change any of the defining characteristics of'

the screw. The direction and magnitude of the screw are given by the (direction of

w, and- the pitch is also unchanged as shown below.

S • SOp(S)-
S's

w. (v + L. x d)
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F"or a transforliat loll 'roni the standli(rd iol ii I(, a iiw iraine ,displaced hY -d,

equation 3.7 is ieversed, giving

V = So-WO x d (3.10)

IF the idissplacement is defined r = (-d), tihei tI lie I iansforis alilo is

V =S-- x I (So. 1 )

a nd

W = S (3.12)

•3.1.3 Screw Operations A useful property of screws is that they can be added

vectorially. For two screws S1 = (sl, so1 ) and (] (s2.s02) the result of adding 5'S

and ,b'2 is

.5' = 51 + 52 = (Sl + S2 ,S 01 + S0o) (3.13)

This can also be expressed in terms of the screw coordinates. but it is then inipor-

tant that the screws be given in the same fraame. If necessarv, one screw must be

transformed by the procedure described in Section 3.1.2 before the addition can be

(lone.

Another frequent ly used screw operation is the reciprocal product of screws (1:3)

(12). It is denoted by the -o" operator, and is defined for the two screws , '.52 a.s

,, o 152 = S1 ' s 02 + s 2 - Sol (3.14)

3-4



XVh Ien ivvo \s art. ,\ritlell III s- tall(lardl IUolill. tills proluclt call al~so l) ' b Xe l.(r'-"ed

iii teri'11 olt' llie geiwiric iv lat milsli1i) of thle screws. Gilveli two stalinlar selt-(\vs

ill space. I lh(r' is ; dist;Ince. dI along.4 a iult ually orthogonal ilne. alnl a scliarat ioll

angle 0. almoli this line, as shmown in l"igurn 3.2. In uordhr to pirformi ilie riprocilral

'I = -. i" -. / 2 ( : p-2s-

0

d

Figure 3.2. Relative orientation of two screws.

product, they mus. be transformed to a common point C. as shown iII Figure 3.3.

Then they become

S1' = (s1 ,s1 x di+pis,)

,.2' = (s2 ,s 2 x d 2 +p-2s 2)

The reciprocal product is

r = 5'1o2 s1 (s 2 x d 2 +p 2s 2 ) + s2 -(s 1 x dl+ps l )

= HIs1lt1s 2•I(p, + P2) cosO + (s. (s2 x d 2) + s2 . (s1 x di))

= IIIHS1,lS 2 I(p, + P2) CO• 0 + s1 ((S2 x d2 ) + (d, X s2 ))

= fSIII•211•1(, + p 2 ),Cos0 + S 1 (•2 X (d2 - d,))
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S,,

C

Figure 3.3. TFransforinig screws t.o a common point.

-IlsiIlIs 2 11(pi +p2)coS0 + (d2 - dI) x (s, X s2)

Noting that the mutually orthogonal line is along the unit vector (s, X s2)/jjs1 X s 2 11

and that the second term is the projection of the vector d2 - d, ontto this line. 11 (an

be written as

'I.= IIlls21I((px + P2) COS 0 - d sin 0) (3.15)

Equation 3.15 is equivalent to equation 3.14 and can be used when two standard

screws are given by their pitch and magnitude rather than by their screw coordinates.

The factor (Pl + p2) COS 0 - d sin 0 contains the information concerning the relative

orientation of the two screws and is named the ,irlual coffjiciul by Oliwovoriole

(13).

The reciprocal product and virtual coefficient will be used in chapter IV to

help determine task type and output power.
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/./1. Tu'wsis a ( Hr c/i., IXwo sp('cia screx'.,s are used to descrik, 1 Ic dY-

narmics of rigid 1o(1lies. These screws arc the I wist and the wrenlch.

The twist of a rigid body represents it ] iist anitaneolios niot jl. Thlie •t a inlard

form is written

t p, (o ,W) (3. 16)

and describes the motion in terms of angular velocity about lthe twist axis an(d a

linear velocity along the axis. In standard form the twist directlv describIes the

inotion of all points in the body that lie on tle twist axis. In order to descri he tle

motion of other points in the body a screw coordinate transformation must be do(i.

Note that the twist magnitude and (irectioi remainu unchainged for all points iM t lie

rigid body, so that the angular velocity- is coiistant. throughout, Ihe i)od('.

The wrench uniquely defines the sum of all external forces and moments on the

body. It represents an axis where the forces and moments are aligned and is written

w = (f,p,,j) (.7

Like the twist, the wrench can be applied to any point in space, on or off the body.

by the use of the screw coordinate transformation. This is particularly useful, since

the wrench may not intersect the physical boundaries of the body when written in

standard form. Notice that the direction of the screw axis is independent of the

point at which the wrench is described.

3.2 Actuator Theory

Any analysis of power use in robotic devices must eventually lead to the analysis

of the device's actuators. This thesis considers the two moit common actuators

in robotics-DC motors and hydraulic actuators. The discussion of DC motors is

based on material found in Jones (16) and 1-lannock (17), and the primary source of

information on hydraulic actuators was Watton (18).
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..2.! I)C Mol~ors' Ro)ot i c actualtors 11usl he a lke tou(iiI 01 cnrt' iiSpeed of.I

tOrq u. 1)C ser vo- 1 not orIs aro- \VeI I kn11owi I fo0r iet I aI ' l Iit 1)11 t. Io 1) r(A i(I tin I I I '1N e of (* o 1 -

trolal)Ii~It\'. Trhis section provides tile governling) c(1 ltat ions and tOrqlle-sjpee(cd avi

f'or a ll~I\ dealized DC mo1tor. Three assIlIIIl t ;1I'( atelllcl In 0 Ins aialvýIs. lU1st.

only stead v-'tafte characte-ristics are considlered . chilini a tiilf ig (rnis )I- hidi(lanci te and

arm at ure inertia. Second, inefficienICIes (ItLe to frictloln. wi ntlage. andl cor( losses. arte

Ignored. Finally, the arrmatunre fluIx Is assuined( to I e con~stanlt. a" II I lt I('case oft a

permanent mnagnet mlot or.

With these rest rictions, the volt age equnatio sl'1

V Th= Hi± + kl-. (3. 18)

where V is the applied voltage, i1a is tlie arillature current. R? is the circuit resistance.

ýo is the motor speed, arid kE Is the motor count er-electr-omnol i\ve force constant. This

is often termed the classical motor eqluation.

The torque developed tinder the given a~ssumtilItions is

T V1i, (:3. 19)

in which T is genera ted torque and kT Is, the motor torque constant.. Combining

equations .3.18 and :3.19, current can be eliminated, providing thle relation

V I R7' + AkELC (3.20)

or
V R?

1' (3.21)
kE kE k7

This important equation leads to a useful plot in power analysis, the torque-speed

plot. Figure 3.4 shows how the torque andi notor speed of eqluationi (3.21 ) are( related

for constant levels of control voltage.
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Regenerat ion Rcunioi SpCCd I(,))

V = o

V v> 0

P Iuggin R egi o\ n __

Plu ggi n,. Region
Viur <11 0~~levl~t~lvsticisai otg nal(ull0

SReg-eneration Region

Figure' 3. 1. lForque-velocit.y culrv s for ý.olistanlt Xolta e ll(,II a DC( 11ol (,I..

The last equation relevant to this discussion is hle p)oweVr eq(( atioll .\It ,r

input power is the product, of the voltage and current ini the circulil and Ilhiet'cfr,'

can be derived from equations 3.18 and 3.19:

P-= 1 + -T3-2

An examination of this equation reveals several iiolewortliv I)oints. First. it shiows-

that even when the motor is running at. w, = 0, or "stall" speed. thie power is not

zero for a non-zero torque reqniremnent. Next. consider the case of a i)(' nolir i alie•

upon to provide a negative torque xvhile running at a posit iye spe ed. This comdit liol

is known as "electric braking." Equation :1.22 shows that it can resuil in an IIII) iii

power that. is positive, negative or zero. There are three types of ihcl'ric lwrakiiig:

1. Regenerative braking - In this method, the DC motor is driven backwards. and

becomes, in effect, a DC generator. Mechanical energy can be converted into

electrical power and returned to the supply.
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ret1 i~le to '2 i1(1 S\i I 12 1 I m-14WIal is I t X II 1tt s 4  Iiifil Wil l).\. (((I( ilk (,1 ( i l

I ltt"is.

Whleh')lvII2,aiig 1> c 1114' lst ii'1i4Iit ittode l eltri 14 i~rkili2. 'itl tie )l001,l

t1P' (A I (hili'v ciiIIo;]\tvsk tX'oi4Idc(I Uc.. I iti' Xmc 'ish~es to kopelItIt' thel

II ht tOX ()\(I- t ilt, lit j It)Htrltle-sIpecd( ploA.t I lti soitttlitl('5s It will h ave I() phitig) -

St alit a nvois locittioloil t 114c tor 1 lte-sjpee( plot. I he idfg lc h n ('Zn

volt age. Ill qa(Itlda~llt 1I. XVici(' abov(' this Iille. the illot or reptI(rt s \iitIe4X'

theillt' 110 is j)Illgg.Ijlg. The( reltationl i, Hlipped llt (fIltlladallt W. OhvlwilslX. thle polver

is alwayvs p)ositive' when't o()prat ji~g (tlit q titit s I andt Ill. HI) ratl o ol* cowtstaiits.

I?/ki;A'j).deterittiites. IloXX Ilt1lthl 11111c' is sp~ent rcog(it(ratt hg and~ Itomv muchI"(1 -' pentt

pltiggi ug. Since regenlela tutin Ow~l)Iisly pro)vides b et ter cile('rV(' ciil(jtIt(N. 0)1C \' OIlh

I iltagllte thIat the bel)st II tot or detsignt wouIldl be4 01l whe' Wlt' ills rati Is) 15\erv sImall. I'll -

fortitrael~cY. this resuilts Ill pitori clit rollaliliI v. TO see his. ita~gille thalt the( slope 'll

tieai' Z(1O. Then for a const51anlt (*4)111 mol X4)lt agc a sim all ('ltali~t4 ill Speed'~ wou)Ild resultf

ill it huge ('Itilge ]it to)rquei. T'pical ý,i >4'X'41t1)ors have a slopcnem IIul'etgat iV( 01l)C.

v1.2". )- Hydraulic A chi (Ii07' Hydraul t Iic actutator's also) find1 wide~ tist' liit'~ ro(41ItS

as a r'esul t, of theil mi' lily (l('si rablc) featurjes. TIcY'~ c'all Ie )(' Id ltl' s 4 't hert rot a. Y~ )

prislflatti( (I ilear) actu ators. anrd haive ('NedlkIlt accuirac'y, trt't jlt(icY rt'sp)4)lse. speed

range, and~ power-t.o- weight ratio. Tllv he call also bet 0 1 )q'ated at stall] lildeli nit t'Ix
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wvitiit (wll ail1g('(I) I his Sec(tl, lou ic\%lIWw 14 )aISI(* 1icul-\ kU1 anl (idi]l hivlrIuIIlIC

iI( i1ut ll (m ) coupedl w\ iii 1.\ I jica Il~IaVii id I c vt4 ' io\lk u . as ilowli Il 3ii 117' I

Actuatoir

Valve Lil-F-

F ItF4I
Figiure 3.7). llVral~ilic acti nator sY.-teIl pislk)1 ol k, Spo(ol valve Vto ibiliiita iOn.

Several assump1]t ions are Iiiadle illn his dilscussionl of' anl ideal yalcsst(i.

Fi rst, I lie IIul ti~f l t he. svste( is conisidi~ered to b~e InucomplJressibl)e. and IOhe struitiret n o

the s-YstvII Is as.,milledl to be rigidl. mo that Ole \olililiet -ii flow rat, eInto anyI~ sect ion

of, the flow 1iiiist efuial the flow ratle out of' thle sect iou. Ilis it pa goofl assiiiuipt loll

ill genieral. and~ Is oiften uIia(Ie ('\el Ill iliuiel iliore rjoorns aalyss of, iiidraiillIS.

Secounld Nv assuic theIfat t' here ar no(11 flow lossi-s l'roii exte(rnal I akiwe orI cross-

p)ort, lea kage withlin the actna tor or. valv e. Tihis is gener-lallY ad(efuialte 1for ;1 high level

anlal 'sis. and~ It \\Ill ser-ve for1 the puirpose of' Illulstriaiting lie fpotcultial advarit ages, aiid

dlisadvanitages of' hydraulic actujiat 015. It is, iiiiot auit to) niote. howeve~r. thfat leakage

dule to if iidcrla ppinfg 2 Is oft enI desI rable InII11;1YS uuI* sevovaIvcs. asit- 11 111 prove., I Ie Ico(.(ItI 1(l

chiaract erist ics of' the s.vsteiti. Nevert hieless. Its effVcts onl t lhe overall efliciecuic oI ti ie(

211i liydraiifics, ani und~ -a pped spool valve is one where thle widthI ot tie ports is gureater 11ia1i
tihe WidlthI of' th li'Spool eniids, whlichl allow., souiiu flow to get. .to flie;t, aeiitor evell whenl J. -(

Wbenl the( WidthI of' the Spool ends are exactlyv eqiial to flte width ()t the, ports. flit- valve is called
Cri/tically Iapp(d. anid w~wl iiii t spool endus are wider O1mi0t Ow. ;ct iiator juorts, fill valke is said t

be Orcyulapped.



svst ell Il .II he (olil'-del-ed liigligllde for our j iiV-poses. iiii IVl. Iil(' 1 orylie losses dule

to frict lonll hvII e Igiiored. Th~is Includes \'l.,(oils irict loll of Ih l1e 1 iid flow. coiilotii h

hric loll of tn'ilt, Illi i ile pllats. aind a collect ioll of wiji linear frici JIM (Oil11011(11ws. (tlie

to livdrod~lauualici. liV(Iost atic. aiild stictioii losses. Iliesec forces do ]lot ( hain"'e Illie

doiiiilint cliaracte(rist ics t hat. are of intres iii , I hs iit~ial st uidv of jpowev isc5' I

IRefer 0iing a galin to the systeni in F'igur 3 .5.t lie Ideal piston acit at or 'is iiiodeh d

bY ; force (e(quatloln and a. velocitY equati lo:

where F" is tIeII force applied by the )ist~on. P, and 12 are the p~ressu~res in the 1 )istOli.

.isthe cross-sectional area. of the piston, is the volumetrc flowN raeo h lId

in thle p~istoni, and v is; the velocity of' the pistoni. The flow rate. Q, Is detcrinnined

bY t he posit ion of t he sp)001 in tile valve anid the( p~ressuire (difference across the flow

rest rictioni. For flow In to Hthe actutator through t lie tupper right. port.. t he rat~e Is giVeln

Coefficient.. it Is thle port width, 'r 'is the sp)ool p)os Iiton. and1( p is the II lild (Ielsit-Y. A

si milar equtatilon call be writ~ten for the flow out of t he act uia tor.

Q2 F ~2( PýS- _P2)x>0(.6

Thlsince it is assumnedl tilat there is no fluid leakage or complfressioni. Q2 = Q

Q2-2 If tile dIra!in pressure is negligible, combulininilg equtat~oius :3.2.5 aiid 31.26 gives the(
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reIliIt 4onS,

15S - /1  = 1-2 (3.2 T

P.,; P, + P2 (32,

If the load p)ressure., PL is defined by:

P1 - P2  (:.2.I)

then
I 1

1p- [(2 P + 2) - (P, - .2)] I (s - P,) (3.30)

"and the flow speed 1 hen becomes

Q = Cqw t/ - P)(

p

Using equations 3.2:3 and 3.24, the following relation between actuator velocity and

act nator force was developed

, Ps ` (3.32)Av• ,A

Figure 3.6 shows the force-velocity curves for constant X. When linearized. these

plots are somewhat analogous to the DC motor torque-speed plot, where .r has the

same function as the control voltage. However, the large variation in operating speed

and force for most robotics applications generally 1)rohil)it.s the use of I he linearized

equation. An important contrast between the hydraulic actuator and the D)C molor

is in their operation in the second and fourth quadrants of the force - velocity plots.

For DC motors, this is the regime of "electric braking" and I)ower (-a., be either

consume( -r generated. However, the hydraulic actuator aways consunies p~ower

when in these quadrants. In a sense, it is "plugging" over hle entire second andI
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fourth quadra nts. \hllhongh the force-vclocity plots are similar. IO xl('(I)r(,-.hI)• r '

S VecoChy,l V

I "• > 0

Force. F = P, A

x <0

Figure 3.6. Hydraulic Force-Velocity Curves.

hydraulic input power is quite different. The power is the product of tIhe pressure

and flow rate supplied to the servovalve by a. puimp or reservoir. In typical systems.

the supply pressure is constant, and the flow speed varies with the load requirenients.

For the ideal actuator/valve combination, the device input power is

DP=PsQ (:=.3:3)

Before writing this in terms of the actuator velocity, consider agaiii the case of a

negative force with positive speed. From Figure 3.6, it is evident that, this (on-(.iti on

implies x > 0. Examining Figure 3.5, one finds that ,x > 0 exposes t lie kIl't side of

the piston to the drain port. so no flow returns to the supply. In fact, the flow is

still positive out of the supply. Even though the output power is negative. lhe inpu)it

power is still positive. The same can be seen for positive force an(l negative spee(d.
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I'Therefore, the dlevice power Is gi hnY

Froml this equat loll, it is apparentl I hatlii t lie \velocit v is zero. lie ideal act nat or

call exert. a force wVit~hout using anlY power. Hlowever. there is also no control over

the amount of force exerted. as the g)enerated force Is a static reactionl force.

3.73 Alan ipidlator .Iacobia ii1

In robotics litera~ture., the nan pii lafur ,o.J acoI)ja~ii .1. is wvell know~n as the nii uri x

that maps Joint, velocities t~o en d-effeet or eliThv le .]acobl~an canl alIso be used

to relate Joint~ torques t~o end-elfect or forces for a quasi-static case. Qua~si-static is

defined in this context. as motion dhat. is slow enough that dyniamic termns are not

significant in the true torque ecinationls.

3.3.1 Velocity Relationship Thie .Jacobian is (definied bY the equation

x - .18(3,35)

in which k is the vector describing the end-effector velocitY and 9 Is the vector

conta~ining the velocit~y of each .Joint.. TIhe elements of' the .iacobian are .list the

partial derivatives of the end-effector position compIonents wvit h respect t~o the jolint

angles. For example, element (1, 1) of the .Jacobian is

.11 = 0111  (3.36)

In general, J =J(O), so that the .Jacoblian varies over thie muanipiulat~or workspace.

Often the end-effector velocity is known (or its desired velocity, is known). anid the(
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1oil it velocit ies~ 1111"t. be FOl \ .o Y l)\ ii 'tlig,ý III(, .1a( bl~i~t i Ii iat . Xi :

0 ::-JI-' (3.37)

\kiiiI.lieltiversed(oes notcx ist (for asqiia ic.. .1 Iis Sail t he a sill tignarit y poinut of

the workspace. 'When the *JIacolbiai 'IS not Sq n~a iC. a, IS III i~IS case wli the in anipiulat or

has kinematic redundancy (see Figure :3.7 ). t hle I lie general solut ion for the Joint

/ 'End-Ellector Position

\-Config. 3

Config. 1I

Figure :3.7. A kinemnatically rediundlant. armi can reach the Same position wvith many
joint configurations.

velocities is given by

6 ±:J5 (I - ill#J)z (3.38)

where JI# denotes the [)Se-doinIVer-Se ( Moore- Penrose Generalized Inverse) of .1 and

z is an arbitrary vector. Note that inultiplyiuig a. vector by~ (I - J#.J) is equivalent

to projecting the vector onto the null space of' J1, so any conmponient of 0 created by

the second term does not inap into end-effector velocity sp~ace. The first term, .J#5,,

provides the ininimutni normi solutioin for 0, but the choice of the z vector cani be
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uised l liill a ilterate kiliiilati C sti 't( lile'.a d e"i ' (leiri'd for ot reair sonsU . Sm('l as t~ask

-.. 2'. ) 12oi(qii( /(•/,in,.hIIp Thv toplue relatioiishii pOr an opein ch'hliiil ilia-

iisill is derived fhomn the .Jacobiau definitiont, equation 3.35. and from I 1w .irini6)pl('

of virutuial work (21). For closedI (chains. Ilhere exists the pJossilhility of actluator re-

(diunldanii.v. "liicii can provide an ifinitne number of solutions for the joini torqjue.s.

. .3.2. 1 Opf )-Loop f lio .,sh ip C(olnsider a forlce applied to hlie end of

a two-liu, k serial a irm a.s iii Figure 3.8. If the end uniilergoes a virtual (Iisl)la(aeimenit

802

80

Figure 3.8. Virtual Displacernent,.

6 x, then tfhe corresponding displacement of the joints is 60. which is related to bx

by equation 3.35, or

A == 60 (31:9)

The total work clone by tthe system is the sum of the work done by the external force

and the torque in the joints,

I = f,6x + r•60 (3:.)
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f§~TO+ r"60 (3. 11)

V (f•1'.,.I + ('T 0 ý:O1. 12)

Silice no rteal work is (lm', 611 - 0 and sinice this must holdl for all %i- tuial displace-

nIents. iilludilg 60 :/ 0. then

0 - f"±.t.] ( J :.3)

T ftj (3.4)

- e - xft ( .15)

Vsing the assumled equ ilibrium conditiou of the system., the force applied Ix lihe

maniplaIor imust be equ al and opposite to the external force. or f = -f, -t. Then

the force applied bv the end-effector is related to the torque of t lie joints by

r = jTf (3.46)

3.3.2.2 Achiator R~edundancy For open-loop mechanisms, all of the

joints must be actuated in order to control the position of the end-effector. However.

for closed-loop devices. actuation of all the joints is seldom necessary. \Vlien more

joints are actuated than is necessary for control, the mechanism is said to have

actuator redundancy. Another means by which actuator redundancy call occur is

when an open loop mechanism makes contact with the environmenit. In this instance,

kinematic freedom may be lost, but actuator freedom may be gaiued. Figure 3.9

shows a four-bar mechanism with actuation at two joints. It is well known that the

four-bar mechanism only requires one actuated joint to be completely controllable.

Therefore the mechanism shown has one redundant actuator. The goal is to express

the actuator torques of the closed loop mechanism in terms of the torques required

of an open loop mechanism, which can be found by equalion 3.16. One method for

dealing with actuator redundancy is given by Nakanmura in (8).
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/ CT virtuall,, Actuated Joint

0Actuated Joint

Figure :3.9. 1'our--Bar Linkage with IRedundant Actuator.

First, imagine the inechanirsm is cut at joint 4. For the new mechanisin to 1)v

controllable, joint 3 must. be actuated, so it is given a virtual actuator. The vector

of joint angles, 0 = {01,02.031 can be divideA into actuated angles 01 {01,0} and

virtually actuated angles 02 = {03}. Now 02 can be written as a function of 01.

03 = ±01 (3.17)

Then the joint velocities 0 can be written

G=Gý, (3.48)

where
S['1 1 0

G( 0 = 0 (3.0 0)
S~1 0

Now express the actuated joints in terms of a. basis set, of these joints, 01o, where

0 1 = (410 (3.50)
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For this example, 61o =-{OI I is a ha~sis set. awil

5' = (3•.51)

since 0, = 27- - 01. Iheni using virtual work. Nakainmtra shows t hat.

.ry= sc, t, r (3.52)

where T:, is the vector of actuated joint torques alld r is the vector of open loop)

torques, including virtual torques. Vlie general soluil ion t.o 3.52 is

r (S # 5")# 7' (,'rr + ( - (.•')#.')y (3.53)

in which y is an arbitrary vector. Using a property of pseudoinverses, (S.5'#)"

SS#, the equation can be written

SS # G 7_ 7 + (I - .S#)y (3.54)

Then the vector of open loop torques, r, can be written in terms of the force applied

by the mechanism by using the .Jacobiaii of the virtua]l open-loop mnechanlisin.

Now the equation becomes

SS # G5j', f + ( - 5,s#)y (3.56)

This provides an expression for torque similar to the expression for velocity in the

kinematically redundant case. The first term will counteract external forces while

the second, arbitrary, term allows one to vary the internal torqe(le distribl)itio iII t li
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IV. Puwev kuA 'it '

T. 7ask I)(fil i/jolt

T'he clescri 1)tioll of all p~ossible t asks for aroboti dev cc III l iec-d IiiieiisiOiial

space is very complex. However. onl an inst-ant aieoiis basis. the i task call always be

(lescribeci by the twist. of thie end-effector or tool andl the( wvrenich app)Ilied by thle tool

to the enviroiiment. For exa inpie. considler a grindin~ig to(ol oitit cu(trved surface, as

inI H g-u i 4.1. The task is dlefi ned instantaneously hy vThle 1W-ist ( w. v) and wrench

f. m) of the tool. These are oft-en Initial ly known (bY na Iriie or est imat ion) at

different points onl the body---t he figure shlows t he wrenich at poiniti P anid lie twist,

ait. point C. As shown in chapter 11I, the tw\o screwvs caii he w\rit tenl at a, commilon

point.. For this example, the point C can be dlefinedl as t he tool center point (TCP),

and at the TCP the twist and wrench would be (w, v) and( (J, (p - c) x f + mn),

respectively. Hereafter, wve (definle task to meani thle twist. t =(W. v,,P and wrench

w J. m7 ,cp) at the TCP.

The task caln be further characterized by the rela-tive inagni t udle and orientation

of the twist. and wrench. All tasks canl be dlividledI into thlree task tYpes: kinetic,,

reactive, and manipulative. These types are somnewhat arbiltrary, but some general

guidelines for planar tasks are:

"* A kinetic task is one wxhere the twvist and wrench screwv axes are parallel and

their magnitudes are of the samie order.

"* A reactive task is defined by perpendlicular twist, all(l wrench axes andI a. wrench

magnitude much greater than the twist magnitude.

"* A manipulati've task is defined a~s a task where the twist and wrench a~xes

are perpendicular andl the twist niagmntueie Is much greater thani the wrench

magnitude.



Tool-
V

EnvironmenCft

Fignye1.1 T1ask Examnple.

Figures 4.2 -4.4 Illustrate these t~ask types. MXost real ta~sks will be a. cUflliInat 1011

of these task types, b~ut cant he referred to by the type that. they most. closely re-

semble. For examplIle. a. task t~ha~t is dominated by the motion of the (11(-effector

mnay ha-ve a wrench component, parallel to the twist.. buitstill would be conside(redl

a manfip~ulat~ive task for the purpose of select mg an appropriate metric lo10 nasnie

task accompiphsh ment..

For completely general1 spatia~l tasks, thie t-ask type is harder to dlist Inguishi. One

indicator of task type is the virtua~l coefficient, of the twist and wrench, dlescrib~ed In

chapter 111. For a. ta-sk defined by twist. t =(w,, ptW) and wrenchi W (.mftHie

virtual coefficient, is

(Pt + P"w) 'os 0 - d illn f)(..

A kinetic ta~sk is defined by jvcj >~ 0, whille lcl -z 0 is characteristic of reactive

and manipulative tasks. In the latter case, the ta~sk screw mnagnitudi~es are uised

to distinguish between reactive and manipulla~tive ta.sk types. 'When the wrenich

magnitude dominates the twist mragnitude, tHie task is mostly reactive, and when
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Figure 4.2. Kinetic Task Example (Lifting).

Figure 4.3. Manipulative Task Example (Moving without. a load).



Figu re 4.1A. Reactive Task Lxainipi (tloh1iug a load in a gravity hield).

Ohe twist magnitude is largest, the task is mostly manipulative. \ more precise

d(efinitiohn is not necessary, since the task type is only n Iportant in select iiig ;in

appropriate metric, and for marginal cases oiie caln simply apply lloe tmoe (1anc

mietric and choose the most appropriate result.

4.2 Poue'r A nalysis

The power efficiency of a. task is ggenerally writ teln ill one of tlie following torimis:

POW,(.r Out Power Out lPover In - Losses
Power In Power Out +- Iosses IPower Ill 1.2)

Each of these elenents is examined in I lie coltext of a task and 'ol )ot ij( An!%e, anmI

where possible, and expression for the power in teris of thli task screws is ,h'li \ed.

4.2.1 Output Power Power is defined as the rate at which work is doll e.

Mechanical work is generally d(fiwed as 11le pro(•let of a force arid fill, dis'tanlce



over h ich t IIe force acts. 'sing t (his lel i'it t1 . if Iil ore is (ol-lsant di . PowCr ,

tile product of the force and t. the oili tle tI \,isl aild wreliil of a

robot ei(1 effect.or, t Ihe calc I Ilat ion of its oi II p Ii I Ower is a sI ra IgIt forwa , 1f liroces. of

apl)lving the screw reciprocal product. [or t lie ask t = (W. V,*(./,, w =. (f. III(,.

tile reciprocal product is

Power Out = w o t = f • VIr(., + w m1C- (1.3)

Obviously, t.hte vector (lot product of force ad 11 linear velocityV sn1 iilied wil he (lot

product of the inomenit an (I angular velocityv cap t ire[s all of the rea C I'a power delivered

bY the device to tle enlvil O1nlelIt. Th-is ex pressiol is Isef;I if in tha I Io 0device specific

information is considered- the outp)ut 1)o\\erIC depeilds oilyv onl the giveit task.

This definition is satisfactory for many iimpof)Orta nt tasks, such as lifting an

object in a gravity field, or sliding an object across a rough surface. [lowever. the

function of a. machine (toes not always produce an output, which can )be measured in

terms of real power. Consider the task of moving an object horizontally in a gravity

field, as shown in Figure 4.5. For this case. the real powver out is zero. which would

lead typical efficiency metrics to calculate a zero eflicieiicv in coin pletii ig the task.

"Yet the input power is not wasted, since a useful job wva-s dolle. The power provided

to the actuators to counter gravity is termed "'reacti ve power aiid depenids oil the

actuator type and the geometry of the mechanism. This example deni•oisl rates that

the output quantity t!sed in an efficiency net ric iieed hot he real power. but may b)e

whatever quantity one considers to be 'usef•l."

4.-2.2 Powve:r Losses Power losses are niost ofte'n attributed to iiOnlconserva-

tive processes such as friction, motor windage, transmission backlash, etl. These

types of inefficiencies are well modeled (if not always well- iin lerstood) Ihrough t, he

use of experimental evidence, and are more appropriately the domaiii of the acluator

engineer. This paper assuii s nearly idea.l act i at.ors in order to highlilight iwo ol.Ier
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Figure 1.5. Transport Task.

types of losses peculiar to robot-like mechanisms. These losses are t he result of 1)

actuators working against each other; and 2) actuators working against a stat ionar\

environment.

The first loss has been described as "backwork" (3) or *geonetric work" (1).

An illustration of how actuators can work against each other is given iII "ig-urt, 1.6.

The task is lifting an end load in a gravity field by a two-link serial arm. To produce

a change in height of Ay., the actuators must move the joints through incremental

displacements of ZA01 and L02. If the result, of each of these disp)lacement s is xaMIi-

ined serially, instead of simultaneously, it. is seen that A0 1 carries the load above the

required height, while A0 2 lowers the load to correct the deviation. This indicates

that the first change requires p)ower eXcee(dinig the Out, put powIr, and lhe seconl

change produces power equivalent to the excess needed in the first, change. However.

if the actuators require positive p)ower to drive both rotatiois. the sum of the actiu-

ator power would exceed the real output power. The difference b)etwveeni the inpul
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A0 2

A y

li ,gure .1.6. Geometict \Nc ork.

and output is termned ytomiilric PO u' r. Geolnetric power(,I is a loss that dlepend(L Oil

the configuration of the device, actuator type, andl the assigned task.

The second ioss is described a~s the effect of wvorking against a. stationar-.\ enrvi-

ronment. Suppose the task is erasing a blackboa~rd, a~s shown in Figure 4.7.Whl

actuator power Is required t~o overcome friction iii moving thle era~ser across the b~oardl.

p~ower is also uisedl in pressing the eraser against thle surface. The power uisedl to gen-

erate this normal force is termned -rea~cthve" p)oweri. Beyond a. requiredl rin imurn.

the normal force is unnecessary for task accomnpJlishmenrt. anid hience the reactiVC\

power is wasted. Note that t his is the same ty-pe of powver referred t~o iii section 4.2.1

as ani alternate output power. InI fact,, whether rea~ctilve p~ow\er is a. loss is entirely

dependent upon the t~ask dlesigner's point of view. Like geometric power. reactive

power loss is also dependent. onl both thle device configuratlion a~nd tile task.

.4.2.3 Input iPo-wer lThe sub~tle nature ot the geomietric and reactive losses

makes it difficult to provide a~n expression for themn directly. Therefore thle b~est,

approach is to add together tire power required] by each actniator to create the total

input power or "device" powver. Thenr the dlevice power can b~e exp~ressedl iii termns of
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Figure 4.7. Era.iig a Blackboard.

the task and efficiency can be found as the ratio of power output (or other quantity)

to power input, bypassing the need for the direct formulation of the losses.

Using this approach, an equation) for device poweer of a robot with ii actuators

is

DI) DI (4.4)

where DP1 is the input power of the I" actuator. For now, assume that DlPi is

a. known function of the torque ard velocity required of the actuator, or DPi

DPi(Ti, O)). Then if torque and velocity vectors are defined by

T.. (T. 72.. ..... Ti)

•J= (o),€• . . (),)

then the total device power becomes a function of these vectors, DP = DP(Tr,0).
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Now thle description of' device p)mwer Hn terms of* thi orignital task twist. t.

and wreiich. w, can be derived by Iran"slorming th(" vectors lroi I joilit space to

task space. This is done through the itise of Ile manipulator .Jacobian. as shown in

section 3.3. Equation 3.35 can be nsed! to relate (0 to t. However. sice tle stailard

.]acobian in robotics literat ure gives rot atioiinaI niorinat ion in the )ot tom three rows.

and the standard twist has the angular velocity as the first three components. a

transforlnation matrix, T, must be added. Then the equation becomes

T't .1O (4.5)

where t he "7' matrix is defined by

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

T = (4.6)

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

Then the mapping from joint space to task space is given by

SJ-'Tt (4.7)

when the robot is not kinema~tically redundant. If it is redundant., then the expanded

form

= J#Tt + (I - J#J)z (4.8)

can be used.
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Si in1 larlv. the joint torquies are related to the wrethli hvW

r = J"w ut)

when tOw robot. does ote hiate actuat-or redundancv. If acti ator ed,,inda(lunI,\ dies

exist, then tle torque eq nation must be modified to allow for the choice of torque

(listribut ion over the act uators, as shown in section :3.3.2.2.

Actiat.or redundancy on ly occurs for closed loop mechanisims. biil often I op)e1n

link robots wviII behave as a closed lool) when iII contact wi t.lh I Ie C(i om1111 nt.

Consider a two link arni turinmg a crank, shown in Figure -1.. A. o ]liighl the root

Figure 4.8. Turning a Crank.

is an open loop serial arm, if the end in contact with the crank can be considered

a, pinned joint, then the robot ga.ins actuator redundancv. In such cases. the open

loop torques obtained from equation 4.9 would represent. onulv one of the possible

1 No transformation matrix is needed here, since the moment component of w is given by its last,

three elements.
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solutions. Tlhe general solution is

r. = *.t#,~ + (I -- .%s#)y (I.It))

This procedure is also applical)le to grasping an1 object wit Ii 11111 l 1 le' linger.

since the combination of the fingers and object fotrm a closed ci la Ii. as shxowvil In

Figure 4.9. The arbitrary term in equation 4.10 is then direc I \ ricated to the

Figure 4.9. Planar Grasp.

internal force of the object.

In the preceding discussion, it was assumed that the device power of each

actuator was known as a function of its torque and velocity, so that the total device

power could be written as a function of the task screws by combining equation 4.4

with the appropriate joint velocity equation (4.7 or 4.8) and joint torque eqiation

(4.9 or 4.10). In order to determine the actual functions DPi(, v0). the model for the

actuator type must be used. For DC motors, the input, power is given by equation

3.22,
R T2 +kE

P --- T -- 'T

k-1
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.Slibst-ittiiig this iiit.( e((11tia oil -1. 1. the deie p~owerI l,0 a DC m1oot. or drveii rob(ol

Is-

01J) +?

If' the robot. has nio re(luiil(la iwY. t Iile t hiis call he wi eI In I erl is ofi the task screws

by uis~ig equtations 4.7 awl 1.9:

It T kL '
DR (w.IJ.11w) + -(w 'I't) (1.12)

NWheni t he iniechaidiisi Is re(lnii1(laliii. thc 11or1e gewtietal equlalionls shlioti b~e Iise( I

'These ecitatoions arce giveni Il~ow.

Kinematic Redundancy

I? T T +" 'tDP = . (w J.Iw + (w i)(.

Actuator Redundancy

DP ~ ]'(,'. ( 1 j".w + y"(1 - SS#)y]
k2

+i- fW lw.I c;, 5#.j - Tt + y"( I - c>S#)Ji'Tt1 (-I. 1-1)

Kinematic and Actuator Redundancy

DP '- fWTj GSS#G'1-.I'Iw + y 1 (I - .,-')

+±ki. 1wJI(-'5#IJ#,I't + y1'(I - s~ '

±T.IG-SS# (I _ j#J)Z + yT(I _ ,),S#)([ IJz} (.5

2 This assuines that all of the motors have the same motor constants.
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Not ice that for t li case of' 11lw sin d( kiiieiiancj red iiiidail(Y. tihe arlbit rarY

x(trz is not, present. I he ph X-sical I i n erpi-et at ioll of Ilr i is t hai for D(I mCiot ors.

whieni the redundlancv is used to cliaiige t ie jolilt \elo(.it W. a decrelase inl 1ii ut, power1

for one actuator exactl m lat (lies I lie Ilicieas ill aiiutw lidactiator. I lence. thle total

tle-ice power is constant for a gi ~eii Con fit 11.'a I rolt ion aid task regard less of how the Joi ut

\7elocit ie- are (list~ribut.e.,. Thins does not ellimi ii ia t lie usefuliness of' i)ower analysis

in the resolution of kinematic redundancy(_\ ,S as will l)e Shlown- in sec7t lonl) 1.3

\Vhen hydrliauilic acitual o-s are ,snhislt itle(l( for t lie DC m(i otors. t lie device power

equations hiave a significantly 4 ilrereiit cli alracter. (II le to tIe Ii fferei ie ini how thle

iiv(rauilics make uise of p~owe'r. Ti'lie livdoalra i c act tator power is gi \ell i)V equat ion

3.33:

I)P =[1.5

This eqluation ca~n be rewvritten for- hydraulic motors using thie substit~ution

0 QO (4.16)

in which D, is a motor conlstant, that, rep~resenlts I hec \-ollllet~ric dlispliacemnent of fluid

iii the motor per radian of angula~r inovement.. It is analogous to the cross-sectionai

a~rea, A4, in the piston a~ctuiator. Then dlevice powyer for a mnotor is

D)P z- [DIOI (4.17)

Substituting this into equation -4.1. the devi-ce power for a hvdrauilic mot~or actuatedi

robot is

DI P P, D, IOj (4.18)

Then in termTs Of the task twist, deCvice power is

'in conibiniation with actiiationi redundmncy, z does appear, because then ll(th choice of joinit
torques cani affect the balance of power that. exists wheni the redmiidauicy is piirety kinieniatic.





for1 ('Ntene ('I ( a tige. t.0p speed'( mayd be irele'vant . bult it Is not I lic lest Ht~idict or of how

tat tie ;)flan' call flY. "HIe saitie appears to be trite InI tills anal \ss.. otc ( arl-ier.

whiiOen -In i id ard nieasu ire of' efficieicY is tisel for at reacti \c task, at low test ii

OCCnYs ee Ithwigli the 'of) may b~e cotti plete(I in thle mtost eIfficitt way possible.

'H C1(14'tore. thir~ ee( dfferetilt ii it ri cs are prop)osed. 0one f'or each of'th I( Ii ree t ask t vp)s.

For- ki netic tasks, the fat niliaxr efli rielicy iea-sure is appropriate. Nl\ etic (fl-

(eiVis (heffltnl as

Output. Powver w 0 t(122
IA-Input Power OP(.2)

inl wihi wt he oltm~ptit. power is the reciprocal product of' thle task screws as defitied

itt secttotii .1.2- 1. antd -) P is the appropriate device iii ph 1 power f~or tite task a nd

actuiator t vpe.

Flor reactive tasks, the reactive efficiency is given by

7R=wrench magnitude - liwil 2:3)
?R Input Power DP

where the wvrenich magnitude, 11wfl, is given by thle st andard Fuclideati norm for- a

(P vector.

For mnani pulative tasks, the efficiencv is defined

41M- LI (4.24)

where lit iI a~nd I)P arte given in the same manner as for the ot her fiet rics. The

reactive and mnanifpulative efficiencies represent. the rlt io of thre size offthe significant,

otitpfut. of thle task to the output power. They will not. result. ]in a st andard efficiencY

in the range 0%X - 1007o, but higher values of the metric clearly indicate more efficient

use of the power. The measures are analogous t~o a, standard iietric for- atitoin-ohiles,

mile s per gallon. Miles travelled rep~resent the magnitude of the motion, and gallons
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/. A r11'iicautbu..s

Power efficiencI ca, I I e I sI c iII a \'ivdc \a ri- I v of \va ls ii roloi I cs. lo dIc' I lll,

strate the range of possibilil ies. a fcw simplc cxaImllhs will illist rate, lie use of pow.r

analvsis in five areas:

1. Task/Workspace Plarnlfing

2. Actuator Selection

3. Manipulator iieniamatic St ructuic Selection

4. IKinematic ledundiancv Resolutioll

5. Actuator Redundancy Resolution

5.1 Task/Workspace Plamnvh

Consider a two-link serial manipulator, driven by DC motors, performing the

open loop ta.sk of lifting a load in a gravity field (see Figure 5.1). The task screws

for this planar task degenerate into vectors,

wx f = (f, ,Jf)T (.5.1)

t v (e,, 1 jT (5.2)

Since the liftiug task has collinear force and velocity (they are both vertical), it is a

kinetic task. Then the approp)riate metric is the kinetic efficien(cy givwi i)v ycluopat.-n

4.22,
wot

DP

The output power is (for this task, = 0)

W o t f 5- V .I1, '1 (5.3)
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Figure 5.1. Lift T ask.

And the device input power for a non-redunnlait DC)( motor driven robot is Ov\en• hYA

equation 4.12

DP =R (fT' .'rf) + - (f v)

The manipulator .1acol~ian for a two-link is

.ps =a -( ,. ,1-- 2•'. --"i,.s •

-(5.1)

I ('1 1 -(21 2 -('212 1-

in which al,a 2 are the link lengths, and sines and( (osineIs of the .ioiil angles are

represented by the notation sin 01 = .S,- sin(0 1 + 02)= .'1_,

Since device power is a jinction of .1, and .1 is t function of posit ion. it is

alpparent tha~t DP = DP(x.,y) for a fixed task. Tlhien one , method of opliniizin'g

power efficiency is to find the best location for the lask relative to tle l)base of lihe

arm.
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This op~tin IIIIIlocation could be' foundl bY a IIIIIIIt'r ot ll.'aiw. ])III ft(-' "inmphst

luctlhod for sho.ving h le effi ci of lOCalion oil (llli,,1iiv Il a l ,iCtW O i. plot of tI( e ll-

'ieWHCV. This type of plot allowvs lithc eigilnecr to iui'ckl\ ldcwii, lthe best operat ug

regions for robot-task Coll ] Iat loll.

1.o provide ntulilrical results. tile task was illocled , Ylv lefilii.ig I, lib.

I', 14 11ps)' and the robot waq modeled as tlavilug link leicithis of (=_ O.5ft alndI

typic'al DC motors for actuators. The motors" colostalill a r(:

T ;o= -1oz-in/A

= 0.28125ft-lb/A\

0.:3820V/rad/sec

I? - 0.5Q

The efficiency is shown for the first quadrant workspace in Figure 5.2. For

tiis plot, the inverse kinematic equations generate Ih1" "e l)0ow (lo\1" solution for

the .joint angles. The lightest regions represent an effici'icv of 9 1V or greater. while

the black regions represeni an efficiei cv of less fihan 9W. The white rugiolIs are out

of the reachable workspace. which is bounded bv the circle .12 4- y12  1. The rough

edges are the result of the resolution of the plotting method. and (1o not indicate

any real phenomenon. \hile the plot was designed to show the power efficiencY

for an instantaneous lift task at different, points il workspace. it is also useful to

note that. one ca.) use it to delermine the a-verage efficiencv in liftin g a specified

distance as well. For any i',rtic'a/line drawn on this plot. ithle total energy expended

in lifting a load at coustant speed along the line l(,(uld b)e found by integrating the

efficiency along the line and l hen nmultiplying by the tota.l out.)ult, work (mqA/th).

There are several conclusions t hat. One Ca.ll draw from all exaMlination of tfilis plot.

T'his is the eqinvaleiit ot o 7 ,.,5 walls of ouipi t power.
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Figure 5.2. Lift. Task Efficiency for Two-Link Serial Armi wv/ DC' Motors ("Elbow
Down"). T'he lightest region represents rjj,: > M1 (X andl the black regionl
represents i/[ý < 90X

First. as one would expect. thle efficiency dr1op~s off to zero as the edge of reachable

work~space is app)Iroachedl. \Very large jon.speed(s and torques are reqIuiredl for small

mnotions and loadls in this reginon. andl at the very edge. a degree of freedom is; lost.

At full extensoion, (02 00.It is impossible to move upj along a vertical path.

It is therefore reasonable that. the efficiency should dlecrease as this condition Is

approached. Second, the effic inccY generally improves as the .r-positioii decreases.

This Is ii idica~ti ye Of the red uct ion in the t orque requirenie t s at each joi t. as the

load moves closer to the arnis b~ase at. (x, yq) = (0, 0). One i itiiit ivelv (expect~s thl~is.

since t lie nioineiit armn is short~er. The efficiency then increases as the Joint torques

decrease, because the device power is a strong function of thle joint, torques.

Aside. from optimrum location, there is another option thiat. a planner could

considler. TIhis is the choice of the "elbow uip" or "elbow down' configuratilonl for
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the ariII (see Iigii 'e 5.3). \,\hiIle space arid II foi l t jIg coIsId(lrat iofs maII diY tate ? hiI

Elbow Down Elbow Up

Figure 5.3. "'Elow-lp" arid "lbow-Down" Configurations.

choice, it is still useful to study the efficiency of this configuration to see if any

significant differences are present.

Figure 5.4 shows the efficiency using the elbow up solution. Note that the

predominant features of the elbow down solution are still present.. Efficiency is zero

at the workspace edge, and efficiency improves as x- p osition decreases. However, thie

general character of the plot has changed noticeably. While the average efficiency

in the x = 0.2ft region was 65-70%, for the elbow clown configuration. it is only

around 45-50% for the elbow up configuration. This is due to the greater moment.

arm for the second joint in this case. Figure 5.5 shows the torque-speed variation

of each actuator during the lifting task executed at x = 0.2ft,.y = 0.1 -- 0.8. Since

the moment arm is constant for the first, joint, the torque for the first. actuator is

understandably constant. However, for the "elbow up" configuration. tihe speed of

the first actuator varies significantlY, taking it. from normal operation in quadrant I

through the plugging region and into the regeneration region. This is one cause of the

large variations in efficiency seen in Figure 5.4. The second joint, does have a varying

torque and it is different for each case. Comparing figures 5.2 and 5.4, one can see

that even when the elbow up configuration has the first joint in a. regenerative mode,

at y • 0.8, the elbow down configuration still provides a. better overall efficienicV.
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Figure 5.4. Lift Task Efficiency for Two-Link Serial Arm w/ DC Motors ("Elbow

Up"). The lightest region represents li,K >_ 91% and the black region
represents 77K < 9%.

Giveil this comparison, one can conclude that for this robot aniid td.k, the job

should be done close to the shoulder with the elbow down. This is not a remarkable

discovery, as it is already intuitively obvious. This is generally the way a person

would lift a heavy load with their arm. However, the analysis can readily be applied

to a more complex robot or task.

5.2 Actuator Selection

In the previous example, the actuator type was arbitrarily chosen to be a D)C

motor. In reality, this choice requires careful consideration, since it can have a

dramatic effect on the efficiency of the robot. In this section, hydraulic and electric

actuators will be compared using the same two-link serial robot and an assortment,

of simple tasks. As in the previous section, the task screws are given by equations

5-6



Speed
Actuator 1

4

REGENERATION REGION Actuator 2

2.

v =0 (No Device Power) t . .-

PLUGGIS GREGION Torque
• I € -

-0.8 -0.6 0.4 -0.2 G GION

-I
REGENERATION REGION

-2

Actuator 2 Actuator 1
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Figure 5.5. Lift. Task in Joint Space for Two-Link Serial Arm.

5.1 and 5.2 and the manipulator Jacobian is as shown in equation 5.4. The efficiency

measure will vary with the task being compared, and so the device input power will

be given by either equation 4.12 or 4.19. For a fair comparison, the constants II

these equations will be normalized to eliminate differences in magnitude. This is

necessary since no data was available for typical actuators of comparable size.2

To nondimensionalize the DC motor, the method given in (16) was used, in

which the fundamental units are based on the rated full load condition of the motor.

One unit of angular rotation is equal to the rated full load speed, one unit of torque

is equal to the rated torque, one unit of current is equal to the rated current at

full load, and other units are derived from these units. Under this convention, the

constants k[ and kT become unity. Then the only constant left, to choose is the

resistance, R. Typically, DC servomotors have negative slopes of the order of I on

the torque-speed plot, because this provides good controllability. For example. the

2in general, DC motors have less torque capability than hydraulics.
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motor used as a mnodel ii Ithe prev I ieos sectl h01 Ias a slop)e of4 -1.65. l'roii eq iat )J
3.21. the slope is seen to be -/ ). so using a slope of-1, R can be folnd I,\

solving for R in ternrs of'ki< awld A,:

R• kjý4
R? - k~kr .T

Then since kE = kT = 1. R = I and the( device power ejuat.ion becomes

DP = fIJ.]J "T + f fv .()

For the hydraulic case, the equation is nondiniensionalized by dividing by the

operating pressure, Ps. and tire motor contstant D,. This is equivalent to letting a

unit torque equal the peak torque and a unit speed equa.1 the motor constant. Then

the device input power equation is

D P = n iTj-IVi (.5.7')

Five tasks were chosen to illustrate the differences in the actuator types. They

are:

Lift Task As before, moving an end load vertically in a gravity field. This is a

kinetic task with f = {0, 1}, v = {0, 1 }.

Hold Task Holding an end load stationary in a gravity field. This is a. reactive task

with f {0, 1},v {0,0}.

Slow Transport Task Moving the end load slowly along a horizontal path ii a

gravity field. This is similar to the 1lold Task, and is also reactive, with

f = {0, 1},v = {0.L,0}.
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Fast Transport Task \loving- the end loadl qu ickly along a I in '/0!!ii IaI atil III

this lask. thle ]notljot! is tilie primarY ou~t 1)tt so it is a iimailjnlatI (ý task. withI

f ={10,O. 1}.v { 1.O1.

Kinetic Transport Task NMovinlg the load upl alonig a hilte of* slope o0mw. Tll., is al

combination of the lift anl(l tranisport. ta~sks, wvith f = 10. 1 } . v = I.

In all the examples of this section. the elbow dlown configuration was uscd.

P1igu res .5.6 anid 5.7 show the lift task efficiencies f'or t.he DC not or ati d tIie

hydranfmic Ilnotor cases, resp~ecti velv. The D C, motor driveni robot is ess 'ioii aI vth
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Figure 5.7. Lift Task Efficiency for Two-Link w/Hydraulic Motors. The lightest
region represents 711, • 50% and the black regioni represents r7K < 9%.

arm is stretched out horizontally. This is predictaable since the device power depends

only on joint velocity, and for low joint velocities given a fixed lift rate, the horizon-

tal distance from the joint to the load should be maximized. The greater torques

resulting from this solution do not affect the actuator's efficiency. Another difference

not readily seen from the contour plots is that the overall average efficiency is much

lower for the hydraulic case. The lightest region of the DC motor plot represents

U P 95%, while on the hydraulic plot, it. represents ijiý- .• 50%. The low hydraulic

efficiency is the result of two things. First., an individual hydraulic motor can only

run at 100% efficiency when the load pressure equals the operating pressure. This

condition also equals the maximum torque possible for the motor, so the motor is
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rarely operating near 1 00(; effi('ioncv. Second. \henever the actl ilalor is providing

torque and speed1 with opposite signs. it cont.iniies to draw power. rat her hai gelier-

at.e power. (Comntpared to the 1)C 1m1otor case. one could say ithatl litvd hydrailiiib motor

is always "plugging," and cannot regenerate. \Xhenever the actuators are working

against each other, this causes lost -'geoinetric" power an(I redutces efficiency. This

condition is not the dom~inahnt cause of inefficienc,. however, because the act uators

are only operating in quadrant IV of the torque speed plot for a snmall portion of

workspace.

Now consider the hold task. This is a reactive task, so the reactive efficiency

measure ilf? is used. Figure 5.8 shows the performance of the D)C motor. The

appearance of the plot is quite similar to figures 5.2 and 5.6. The onil]( difference

between the hold task and the lift task is in the velocity reqLuire~d of the actuators.

Therefore, this similarity is expected, since the efficiency of a DC motor is primarily

dependent on itL- torque requirement, not on the velocity requirement. No plot is

shown for the hydraulic case, since the efficiency is infinite throughout its entire

workspace. This is seen from the efficiency equation,

lIf 1 =_n IJ-Ivl 0

This illustrates an important characteristic of the hydraulic-driven robot - it re-

quires no power to oppose a, force when it is stationary.4

The slow transport task provides an example similar to the holding task, but

allows one to examine the effect of motion in a reactive task. The efficiency of the

DC motor case is given by Figure 5.8, just as for the holding task. ''lle plots are

'Another problem with operating near maximum torque is that. the nlaximum joint speed ap-
proaches zero as the torque approaches maximum torque, a property seen by referring to the
torque-speed plot in Figure 3.6.

"4This is only true for the ideal hydraulic actuator. Any practical hydraulic actuator would
require a small amount of power to counteract leakage in the system. Nevertheless, the power
required to hold a load is much lower for a hydraulic system than for an electric system.
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Figure 5.8. Hold Task & Slow Transport Task Efficiency for Two-Link w/DC Mo-
tors. The lightest region represents 77R - 6 and the black region repre-
sents 77R - 0.

identical because the fTv term in the device power equation is still zero because even

force and motion are orthogonal. The efficiency for the hydraulic case is shown in

Figure 5.9. The best performance is obtained by positioning the end-effector near

the top of the workspace, where joint velocities are the lowest for the horizontal

motion. The approximate range of values on this plot is 0 to 8, including a large

region of workspace > 5. Since this performance is only equaled in a small area of

the workspace for the electric case, it is evident that the hydraulic actuator driven

robot is generally more efficient in completing tasks of' this variety.

The fast transport task is essentially the same as the slow transport task, except

the emphasis has moved from force to motion. It represents manipulating a light load

at high speeds. An example of this type of task is arc welding, where the only load

is the weight, of the welding rod, which is moved quickly from point to point above a
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Figure 5.9. Slow Transport Task Efficiency for Two-Link w/Hydraulic Motors. The
lightest region representss 17R - 8 and the black region represents rjn - 0.

surface. This is in the category of manipulative ta.ý,ks, so Lne metric qat was used to

judge performance. Figures 5.10 and 5.11 show ?/A over the workspace of the robot

for the electrically and hydraulically driven cases, respectively. Topographically.

these plots are ident.ical to those found for the slow transport task. lIowxever, the

performance index llM ranges from 0 to 650 for the DC motor and between 0 and 0.9

for the hydraulic motor. Almost all of the workspace for the electric robot provides

higher performance in this task than the hydraulic robot.

The final example, kinetic transport, is a combination of lift. and t ransl)ort.

with lifli = Ilvil. This is a kinetic task, so the kinetic efficiencv metric was used.

The efficiency of the DC motor case varies from 0% to 97% in a familiar pattern.

shown in Figure 5.12. The efficiency is almost the same as for the lifting case, with

only minor variations in the distribution. The torque requirements for each joint

are the same as for the lift task, so the siniilarit. i, not s trising. [ ,ocvcr. the
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Figure 5.10. Fast Transport Task Efficiency for Two-Link w/DC Motors. The light-
est. region represents 71,11 - 650 and the black region represents ij ,-• 0.

hydraulic efficiency, which is much more sensitive to changes in the velocity portion

of the task, presents a quite different pattern than the one seen for the lift task (see

Figure 5.13). Rather, the plot is seen to be a blend of the lift, and transport tasks

(compare this plot with figures 5.7 and 5.9). The efficiency ranges from OWX to 4O¶X

with the optimum region occurring above the shoulder at about two-thirds of the

maximum reach. Overall, the electric-driven arm appears to provide better power

efficiency for this task.

One would need much more specific information about the range of' task re-

quirements to decisively determine which actuator type is the best choice. but, sonie

general guidelines are clear from this analysis. First, over the majority of the

workspace, DC motor driven manipulators are more efficient for kinetic and ma-

nipulative tasks, while hydraulics are more efficient for reactive tasks. The welding

task mentioned earlier would probably be most efficiently done with I )C ServoIlio-
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Figure 5.11. Fast Transport Task Efficiency for Two-Link w/Hydraulic Motors.
The lightest region represents Y1R • 0.9 and the black region repre-
sents 7rM -_ 0.

tors, while slowly moving a heavy load is probably best done by hydraulic motors.

Second, the optimal performance regions are quite different, for hydraulic and electric

actuators. This could be an important option for a designer if the entire workspace is

not available. For example, for a lift task, if the work area was cramped, the elbow

of the arm could get in the way when the end-effector was close to the shoulder.

Then the hydraulic actuators might be appropriate, since it performs best. without

bending the arm at the elbow. One could easily provide a similar scenario in which

DC motors would be better.

5.3 Manipulator Structure Selection

In addition to aiding in the selection of an actuator, power analysis call also

be used in determining the appropriate kinematic structure to use for a given task.
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Figu~re 5.12. K"inetic Transport. Task Efficiency for T'wo-Link N/ l otors. The

lightest region represents 71A- ;ý 95% and the black region represents
11K 9%.

'This sect ion will compare a. massless parallel type manipulator to thle mjassless serial

manipulator used In the p~reviouis sections. and the effect of varvinig link lengths InI

the serial arm will also be brieflY explored.

A2-DOF parallel armn is shown in Figure 5.14. Both motors are at. thle base

of the manipulator, and independently control the Joint angles 01i and( 0". The end-

effector position is described in thle sam-e w.ay as for the serial armi. b)yN angles 01. 0.)

and lengths a1 .a,2. From the geomietry 'It, is evident that

02' 1 + 02 (5.8)

D)ifferentiating this relation, the equation becomes
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Figure .5.13. Kinetic Transport Task Efficiency for Two-Linlk xv/Hydratilic Motors.
The lightest region represents iii: 40% ainil the b)lack region relpre-
sents 77A < 5%.

This rela~tion can be usedl to (derive the parallel .Jacohian fromn the serial1 Jacoblaia:

This .Jacobian relates the end-efFector velocitY t~o thle joinit velocities at. th1 e motors.

0,0,but is showvn in terms of 0O ,02. 1ihe i1Ivers(c ki net 1Iaic euj a tion s usedl to

find( 01,02 are then idlentical to the onies l1sedl for the serial arm,~l ho\\ ciov 1

configurlationl. tTIsi g the normalized equations for a DC motor actuia~t ed rob ot . thle

device power for a. parallel arm is giveni by.

DI~ PITf -+ f',v (.5.11I)1) 1, = f -P *
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Figure 5.14. Parallel Type 2-DOF Manipulator.

which is identical to equation 4.12 except that, Jj, Jis substit ited for J.

Now to Judge the efficiency of tie parallel arm, consider its performance of

two tasks that have been previously shown for the serial arm. the lift task and the

fast transport task. Figure 5.15 shows the kinetic efficiency (711,-) of the parallel

manipulator in the first quadrant workspace. The efficiency varies front ,0'X to

100%; although the plot still shows the drop to 0%. which is the set value, given to

areas outside the reachable workspace. Compared to Figure 5.6. it is apparent that

the parallel arm is more efficient than the serial arm over a wide range of worksl)ace.

although in the vertical band near x = 0.2, the serial arm call comxpete. For the

fast transport task, the parallel arm's performance is shown in Figure 5.16. This is

a plot of manipulative efficiency (T;AI), and again the parallel arm has bet ter overall

performance compared to the serial arm. which is shown in Figure 5.10. Similar

iesults were shown bv Spenny and Leahy (4). so tihis is not slrpriIsImg, but tIlis is

another example of the diversity of problems to which powver analysis cami be applied.

The ratio of the lengths of each link can be changed. providing another option

In the striictura.l design of a, 2-DOF a'r. The uisefulness of such a variat iomm to t he

serial arm can be checked bv two possible (onfigurat ions: I ) let thlie first li iL be twice
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Figure .5.1.5. Lift Task Efficiency for 2-DOF Parallel Arin w/DC Motors. The
lightest region represents 71jj- -zz 95% andl the black regilon represents

as longo as thle second,, and 2) let thle first, lItnk- be hal Has longia s tIth- s(ond~. lFiglir(-. 17

shows the kinetic efficiencv of the first, case when doingit lift task. Figure 5-. IS shows

the same task for the second configuration. \N.lien comnparedl with 1 -11Figure 5.6. one

can see tha~t the efficiency is similar to the standard two-link arm. wvith p~erformance

falling off as x increases. For the first, configuration., however, the drop off is not. as

fast as for the standa rd two-link, resulting In an inriceasedl overall efficiencY. If' the

redlucedl ieachable workspace was not, anl issule., tis II Iighlt be a possibl l~lC~iethiod For

Increasing the power efficiency when p(erfornmi ig a lift talsk.

5.4 Kinemnatic Redundancy

'When a, mechanilsi has more dlegrees of freedom I hanl its 1 ask rcquimires. it is

sai(I to be redundant.. For kinemlatic redhiiii(lailcY. t is mecaiis thlat th lile Iehmilsil)
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Figure 5.16. Fast Transport Task Efficieiicy for 2-DOF Parallel Arm w/D)C Mo-
tors. The lightest region represents 7mK ; 95% and the black region
represents 711- • 0%.

has an infinite choice of joint positions that can complete the task. This choice

of joint positions and joint velocities allows the robot to either do more than one

task simultaneously, or to do its task Mhile optimizing or ma.intalimig some otler

condition. Redundanicy has been used for singularity avoidance. obstacle avoidance,

and the completion of multiple tasks by Nakamura (8) and others.

To illustrate how power analysis can be applied to the choice of redmldait

solutions, consider a lift task with a three-link serial arm. Let, each link lenigt I be

one, and the task be f = {0. 1, v = {0. 1 } starting at a position (x,y) = (1.0.25).

Consider two possible configura.tions for the manipulator, as shown in Figure 5.19.

Which configuration provides the most efficient use of power while conmpleting the
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task? Recall that kinetic efficiency is given bY equatioit 4.22

so that. the efficienicy becomes

fTjf +' f7  (5.13)
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Figure 5.18. Lift Task EfficiencN, for Two-Link Arm xv/DC M~otors and ~---!The
a 2

lightest region represents TK ý- 95% and the black region represents
ImK P: 0%.

in which f, v have been defined above and the .Jacobaiai is

J(6 [ --'41 - -S123 .S'i12 - -;123 -. 12.31(..1[(0 C1I + (C12 + C1 23  C1 -2 + C123 C123J

For the first configuration, shown in gray iii the figure, 01 =(2.87, -2.69.) -0.3,S)"

and the device power is 6.8. for- an efficiencly of i i4G~~ The second con figura-

tion , showni in black, has angles 02 =(1.71. - L1.6, -1.6f5)", whichi leads to a dvc

input power of 3.33, and an efficiency Of I1I' = 30.1%. Clearly, the selection of the

configuration can greatly affect the efficiency of the robot, in performing thle task.

If the task and robot are fixed, theni one can easily find the optimumn configu-

ration for the manipulator by' minimizing DP'(0). iising anY standlard opt~inmizat~ion

technique. A more interesting problem, however, is when a rob~ot. must. 1 )erh)1'i1 maniy
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Figure 5.19. Two Possible -Joint, Configurations for Three-Link Serilal Armn.

different tasks in a sequential fashion, and cannot always be configured in advance

for each one. Theni it would lbe useful if the r-obot. could be conitrolledl inl such a. way

that, it "~seeks out" the most. efficient configuration. whille simuiltaneously performingTI

the task.

One solution to thiis problem can be derived using NakaL 1uLra 's task prior01-

ity eqjuations (S:pp-l 2 6-l3l), coupled with the dlevice input. power as a potential

function. Sup~pose the given task is constantt, andl let, the starting configuration be

arbitrary. as if the robot had just finished a differenit task. Thie ob)ject. is t~o completc

the task while altering the configu-iratfion to Improve effhcienic. "I'le joint velocit]ieS

(anl le commanded by using the equation for- a. kinemiaticall,\ redlunda-nt, mechanism.l

equation 4.8
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b)ut let the arbitrary vector z be defined by

z=- 0, D O0 T (5.15)

Then the cominaided joint velocities are

0 J#v - (I -3#J)L. -- (5.16)
(909(.6

This choice of joint velocities will result in the proper motion of Il e end-effector (v).

but will also work to reconfigure the nianipulator so as to iniiliize device pow('er

DP. This in turn optimizes ?)j,, since the output power is co st a iant. Slippose the

task requires no motion, so that v 0. Then

d(DP) 
- DP

_ODP (I -J#J~kI'0DP )T]
- 00 ( o

-A. (DP ) (I_ .J# J) (I- j#J) T ()DIP)

< 0

when A- > 0. This uses the idempotency and symmetry of (I - .#.]). Since k is

chosen in the design of the control law, then device power can be designed t.o have

a monotonic decline for a stationary task. This (toes not guarantee I (]-)I) < 0 [or

v $ 0. but the second term always will operate to reduce DP as much as possible

while still completing the task.

This scheme was applied to the lifting task through the use of a .1lath0cntica

,, n(pn, 4ri* A) to show the increase in efficiency during the performance of

the task. The starting position was taken as the less efficient (gray) configuration

in Figure 5.19 and the arm was allowed to run for 5 seconds. The task has been
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Figure 5.20. Motion of K'ineniatically Redundant Arm Performing a Lift Task
While Optimizing Efficiency.

modified slightly to f = {0, 0.1).v {0.0.1 } which does not change efficiency in anlY

way, but allows a. longer time to elapse for a small total lift distance. The niotion

of the arm is shown in Figure 5.20. Note how the robot end-effector moves straighlt

up, as required by the task, but the configuration changes to approach the iiost

efficient position for the task. It actually passes through the black configuration of

Figure 5.19, indicating that this was not the optimum configuration. The effic-iencv

increase of the mechanism is shown by Figure 5.21, which shows the (efficienc(Y ovCIr

time. In contrast, if the device power is not used to drive the robot to increased

efficiency, but rather only the first term of equation 4.8 is used. I hen tle robot

moves as shown in Figure 5.22. The task is still performed, but the shape of the

arm remains relatively unchanged, since this solution provides a.s lit.t he joint speed

as possible.' The difference in the two solutions can be substiantial in ternis of the

'This solution is the 6 that has the niuninum iorniljlj.
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Figure 5.21. Efce~vof' Serial ThrIee- Link During a Lift Task.

Figure 5.22. Motion of lKinrematical1ly Redu ndlant. A rm Performini g a Li ft. Task
While NOT Optimnizinig Efficienlcy.
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Figure 5.23. Energy Use of Serial Tlhree-Liik Dinilg a lilt 'la,sk. i iergy is (lefined
as E(t) 1 DP(7),IT

energy use(d to complete the task, as shown iII Figure 5.23. About twice as much

energy is used when the redundancy is not utilized.

The choice of the constant k in this control scheme was said to be arbitrary,

subject only to the constraint k > 0. In the above simulation. k was set. to one.

Increasing k results in a faster response, moving the iianipulator to the optimum

location very quickly. However, in the end, k must be chosen based on t lie maximumn

possible joint speed, so that the control will not saturate the motors.

While this method does work to improve efficiency, it, is not wit hout problems

as a control scheme. The foremost problem is that. the method (toes not avoid
singularity points of the manipulator. At these points., the joint velocities required

for an arbitrary motion can be very large. which is generally seen by the "blowing

up" of the .iacobian inverse or pseudoimiverse. Ujforitunately. the siImgulariltv was

artificially removed from the device power equation when .J` was cancelled by a J

(-rTo = fTJJ-,v = fTv). The result is that no penalty is assessed for these infimnite

velocities, because the corresponding torque is Inear zero. If the D)( motor was more

precisely modelled, terms wol(ld be iilt rodticed that wolm(ld force device power to
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illfinitv when infinite spe((ds \wr'c requirevd. For cxaIllph. if i11o10or wilidage losses

were added. it would 1have a term of the fornl vT( .1-1) t.I-v in ll evice power

equal iol., whlich would go to idlitit at siiigula.r poiik. Antother possible solution

is to add k2.1- 1 (O) to I)I(O) to create a jiew potlntial fIlltwion. 111(c'. lisinig 11e

valttes of A- and k2. the control law could weight t lie Ihliportlalice of ivoiding singular

p)oilnts against the importance of improved efficiency.

In light of this last coiicern, it is also interesting to reconsidier the prolblem,

sutbstituting hydraulic mnotors for the DC motors at the joints. 'hlieu the device

power is giveil by

DP = n.I#v + (I --. #.)zI (5.17)

and equaVtion 5.153 becomes

f Tv

=nTIJ#v + (I - J#J)zI

From this equation, it is apparent that the minimization of the device power for tile

hvdra.ulic robot will also be effective in avoiding singularities, since IiJ#vll .

11N K 0 as singular points are approached. However, a new problemi emerges since z is

still in the device power equation for the kinematically redundant hydraulic actuator

case, whereas it did not, appear in the device power equation for the kinematically

redundant DC motor case. Now there are two optimization problems, one in which

the best configuration must be chosen., and onle in which the best distribution of

velocities in the joints must be chosen. A lnetihod to solve this is to define a new

"state" vector for the svst elil including not only the joint configuratioll 0. 1)1ut also

the arbitrary vector z,

((.5.
z
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Then t he dev\ .,ic po\ver is a fulnction of 6, mll e'q iiat ,tli 5. 16 cai be \\rifl It

Ax - AB ( 2  )(

wvhere

0

ID - -J*V -U)! ]

Note that. B is ideinpotent and symmetric, so that when x 0,

d 9DP•
k7(jDP) - o4>

i~)Io i)DP
dDP, B" ODP)T

< 0

as before. This method has not been simulated because the actual e<xpression of

dlevice power is terins of 0 is mullch more complex haln for the electri case, and

requires a more sophisticated numerical routine. [Unfort, unal('y. the tinme for lihe

developrnent of such a routine was not available.
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Ihel(- finll xa~iiiJ)le Of' I)ower anlalYsis* usetiiliiess I P, it nilijplec (1(1110115al lullI o[

hlow the (listri hut loll of t orqiies III a ilnechaii isli ci all be (lioscl h~v Jpicki iig Ihcj

bi iiat loll I hat, provides, t he illos t et ficielit uSe of' poxvcr.

Recall that, for a miechianism withI redunudanut, act uators. U riveni bY i101dlie(I l-

ionalizeci DC motors. the dlevice Input, power Canl be writtenl

±wJ~.S# P Ttki+ y"'( I - SS#).'1t 1  .).21)

Then t~o nui imize LIP with riesp~ect to the arbi tra rY vector y . thle conli tjl Il

ODP
dy 0 (5.22)

mu-st be met. Using the svmmeit ry of (I SS5#), this partilal derivative Cali be

wvritten:

Dy P ( 5S#y+( 55.(J-1t).1 , -0 (,5.23)

Then combining term-s.

Wp=(I - s#2y+ 0 (5.21),,tj=
d) IS)~y (J 1 Q

Now let x =2y + ~ 1t),,anll the ecfuatioll becomes:

(I - s#)X =0 (5.25)

\khen redundancy exists, (I - *5''# ) $4 0, and thle soluition is:



wher't qi Vs ;nit all itlatrv vectlol. I benlkHg1II il h tw ()I-q

'y+ (J, 'It) s'#(

badck Into0 thle torqu eit'tquat~ion to get

+ (P. I" + S#) q 'Tt ).

'(I S(;f - I "7' (J, 121)2)

N ote Ii hat. Ilie a rbilrarY vector q dlisappetaris hI iii tilt 101'(1 l Nit''\ it'>1011. 1Wii Vis\llit'

f'or I orc ie ill tilItu prodluces at dev ice ptwe'. of'

DPi = w ".1". krss# f.I''w + Wv'jj;.••)# (.17 It)~

(mn bjcta sho-xi ]ijoFiii't 5.2 1.. A s dlt, wr e Isi'tItaileit . wi Itll all qt'll
sl at j(aI at )t si

loop) Illechalisill comeis ill colitact witl Itilt', t'ivm rtoiiiciiti it I tt'ttii itS a tltra't 1()(tu

toC~hliansnil. Ini t his case, ol\'y one1 actuator is re'tuirietd to tiutlitt'hit' t l'ic rt1'ti t 1)ltt'.

4111 tilie Othler act iiatoi' Is retIiniitajill. Ittlt' v tthe Is t'~a tt't as a Ut l-t ii,/ll/

[- P
1.3



/ F=(1.0)

0 = -0.5 radian
2/

(x,y)=(l. 4 , 1.3)

V

01= I radian

Fligure 5. 2 4. Task with lRedmiiidatii .\ctilta iOll

for the 01. 0,. and f shown in the figure. Since tI here is nio nol ioln. 0 (0. 0)1. a~nd

device power is

DP = rTr + r'O = rr

= 1.)7 1..9)

Since this is a reactive task, reactive efficiency is used an,(d

,In -- l ~0.5 (5.32)/) /)

Now compare t his to t he result |ohl aiied bYv ulsing the e(ullat ion fir o)t i nal <cdn1, lauIItI

lort'upi actuation. eqiuation 5.29. 1i1 this ('Xietileh. w = f aid t, I). '1hie riiaix NG

is gi\'ent 1y

S3(5 33)



G = l)ecaise I t)o opctIII 100)l jtiIts ar(' \i Iitvll\ act iat(l. I II;ItHat .iN Sd o. \('1l

r1,d .IJ, is the st atidar'd tv,'c link J..acohian. 'I l'l('I I lie tor(pi' i'

.r, =).277 -0.-117 1-1.30 (5.35)
0 - -0.11

I2. 
1 5

Note that whein t= 0. thc optimal (chiice l'o y le(onicEs y 0. 1'siilg tiIs t orlliie

vector, the device power I)econiiies

DP 0.0821 (5.37)

and reactive efficiencY is

__- _ l12 (5.38)
0.0821

Ills deinoist rates that with thlie opttimnal choice of torque' distril)ut ion. Ihle p)erl'or-

inaance of the rob)ot in ternis of power ehfic'nci is greatlY imlprovedl.

It can easily be shown Iv a statics analysis that this tor(qlUe distril)utit W still

exerts a. horizoital aforce on the wall 1 of = 1. The di ff(r'-ence (oth.er tlhan redu iced

input. p)ower) is that thlie reaction 'orces iH tlihe vertical diriection are (hiaiuled(l. The

vertical force is zero for , t0e, flirst c'as. 0,:t .I ).S2 t0 whilii tlie torque is calci•lat ed

for the optimal efficiency case. Tiie ac'I i hia Iiis lion -zero verlical l,;rce is geni'ratled

is a possible p)rob)lem with this nietlio(l whieli applied lo open-loop svsteiiis that

becomne closed-loo0) SVsteiiis bv conti act willt i lli (eliVirolillili(tl. I thlie nietl<ioi is

applied to a real closed-.loop iicliahiisiii. i lle chatrige ill forces at th<le pwinit whie.re
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tle vi \ tirual cut is iliadl(' wolild he cI(iil 1 A)lctCl\' v tili lll. anld have no ' lIcl oil tl11c

lask. Ilow",er. thit doe"s not tIlea I halt he Illtiet hod aimtiIot 1w used( as showil iI It he

examtll)Ie. it oit1V ulleatlis IhaIt s'olll' other cotllStralltt oil t ic' forqtc[s ma1y •xist. hit (lie

exailiple. t~o reatht tihe ot ital ltor(J te (list rilitt loll. th•e coelfciieltt of trit t il I' het wee

thI i wall a t(l the end-i('flet Ior woul dI have to be greater t ha it 0.82-1. If j/ <: 0,82 1. 11, (.1

the end-effect or would sill) Ibefore this tor(ute (listribnltiot was reached. 1hii type

of constraiit cant be expecte'd, to sMurace in applying this mtethlod to ii a it" a reas of

robotics. such as opt imtal grbspiui. httt cani still be usefttl.
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Tile purpose o' thils thesis was to develop at iii(ails of, ileasurilig and uisingi" ihe

eiiergv efficieincy of' robotic devices. Thi~s r-eluirel at consisten'lt illetliod of' describingo

h le t~ask inathlemiaticafll, a. ineaSUeineiICt, 01f tile task out put, aii expression for the

power requiired by the device, and a m etric wihcombinied these element~s into at

scala ~ -u ti that oue( could use to *ugehow efficienitlv thle nie:hiaui~sin perfonifIledh

thIe t.as k.

The fIlinctioul of' mlost m1-echiallisuls cali 1be stated iwv describ~ing the inot iou of*

thec inecha iiisian ad the forces that. it exerts on tile envi roii i ent. Often the mi otloln IS

at complllex p)ath, and~ the forces wvill chiange a~s t~he device moves f'rom sta-rt to finish InI

t~he a~ccomp~lishment of Its function. Iin a~ddition, someW mnechanismls, such as robots,

are multi-functiona~l crea~ting anl even more complex systern of tasks t~o describe.

At. any given inst~ant, however, tHie motion ajid~ exerted f'orce of the device Cciii be

considlered constant.. These quantities can then be 'vriftten as two screws, the twNist

a~iid thie wrench, and Othis screw pair. is thele Collsi (Ieredl t~o be t he iliist anitaieoiis task

of' thle nMeCi alisill.

For sonme f'unctions, one of the two 1e'fi ning qualities iviav b~e of' graer iMi-

portance than tile other. For example, whien rt lg thle inolmi i of thle pencil tipl

is much more crucial thani the force exerted bY the tilp oil thle paper. Thie r('llt iVC

inmportaince of thie force anrd ruotilou c-an be uisedl to dhividle tasks Inito thlree types:

kinetic, mianipu~llative. aind rea~ctive, Iii kind ic tasks, f'orce aiid mot ion ale equally

iiimport'aimt: III Inailpila~tive tasks. inlot ion is rIlost Imlportanit: and "Iii reactive tasks.

freIs most Impijortanit.

(;iven thiese ta~sk typ~es It is evident t hat fho singple 111(1 i.ll is appiropriate for all

tasks. TIhere fore, we developed ait letric l1o r each task t vpe. Foi kiiet ic t asks. thle

perf'orulaice was juidged bY the st andard ('IficieuiCY Hiu~aSlil (if Il l1' ram i 1f, out jpiit
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pwrto iii1)iit. power. Iolor Illaipl~ilative task.'. the iiietii( Iistel dlividle., tlie twis

Iiiagiilitulde b iciplit p~owver. and for react rue lasks. IIlie wierafi( Imlniagudtle \\.;-

dividled 1)\ tire iipi pt Power.

The input power w%-is found to Ibe a funictiron of' thle task. I he gf- ornet nc con L_,

uration. and thle tyvpe of' actunator usedl by the rirechair isin. \Vliii recdui Idanc icxl exist

In the mnechanism . i1 was shown t hat the expression for Inpult power cont ai ned all

a rhit ary term tliiat could he used to change the power requ irenieits for at n veii task.

A fte en(st ablishinug the inethiol for unea~surnrigl' thle efficieiicv III ci aIpt (' IV. chap-

ter V denmonstrnat ed somie of the wavs Iin wh i ch robotics vseiscaill( 1w des ia ned so

ais to op)t imize eiiergy efficiency. It was shown thIiat thle location of' tlie task. rela -

Iy1e to the robot base, cani le choseii to ilirprove efficieneu,. anrd thfat wwlr 'Ii iu It ip

inverse kinematic sotlutions eXist., they do not. necessarilly have thre sarrielc jec

for a given task. It wvas also found that DC mnotor drivein robots are( generailly mrore

efficient t~han hydraulic ac(.tiated1 robots when performing ki net~ic arid man ipu~lati ye

ta~sks., but. that. hydraulics are more efficient. for reactive tasks. Power analysis Was

also shownV~ t~o be a uIseful tool in determining the mlost. efficient rirechlaical st ructulre

For a robot,. Ini particular, for many t~asks, a parallel-type arim ris Inure OlIicierit thai

a serial arm.

Red undancY resolution canl also be accomplished by power aria I sis. A met hlod

wxas developed for controlling a serial arm wvith kirreirratic redluridaicv. and numerical

simunlations demonstrated t~he ability of the algoril hin to olecrease energy use in a i

lifting task. Actunation redundancy cart also be used to lira ro\(e effnicHirCY.

Sinrce this area hias rnot. b~eeni 'x telisivel stuirijed, tIi i paper has tried to I aY

a riathenratica~l fourndationi for poweri anal.Ysis. anld sir r\ev sourile of tire possible ap-

pl ications. Frititre work is nieedled to 51 plpleriert thIiis thesis ini nia r i areas. Fi rst.

ex perim ental ev~ide1n1ce is rqicniredI t.o verif the asic equa~tioins anid tIre actuator

miodels. Second, thre a plIhicati olls should be exlplorecl InI 1uiucli great er detail. III parm

tictilar, tire analysis of closed chlainl inechlauisnirs sliroild be ex\paiuded. to e\t end its
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dfpplicai oil to 0o)timiai ('d] I'i.liluly. expaldideN! ad liator inibdels (011% he( ie'\(i-I

opC(I. wVhichi iiaY allow a morie accurat~e p~ictuire of" how a mcicl~iuiiisi is Ih iiiWruna

force affec~t its p~owe'r Ilise.

'In'l( field of' robot ics is relatively Younrg. a rid tint il recenit! v. rtiiu-4 rcU -id Iea

Irobotics, has beel InI developing methods to design and con ti-ol robol~s III a \d rici1vo (

tasks. This goal has been nearly reached, as the kinemnatics and~ (old ol (4 mianipi p-

la tors is wvell un derst~oodl. I be]lieve t ha~t the goal of' obot ics eig~i iiers inI th 11% fit rue

should be to create rolbot s that niot, only work. [)III work ('ffici('it Il\. I hopc hat Iri

thesis iii a colit ri bnite III soniel( way to thle alttai iiiient of, t Ills 'goal.
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Appendix A. Matheimatica Uout'vr.e Used F67r Kin•.emae, t cdu,, (hll (I

Exaromple•

(*This Mathematica file will simulate a three-link serial arm

performing a lifting task. *)

(*The equations below are for finding the inverse kinematic

solution. They are not used by the Q functions, but are for

troubleshooting purposes. *)

j2x:= ex - Cos[tt]

j2y:= ey - Sin[ttJ

d:=(j2x-2 + j2y-2 -2)/(2)

t2 :=ArcTan[d,-Sqrt [1-d-21]

tl:=ArcTan[j2x,j2yl - ArcTan[1+ Cos[t2], Sin[t2l]

t3:=tt-t2-t 1

px[tl_,t2_,t3_]:= Cos[tl] + Cos[tl+t2] + Cos[tl+t2+t3]

py[tl_,t2_,t3_1:= Sin[ti] + Sin[tl+t2] + Sin[tl+t2+t3]

(* The dpt[] function calculates the partial time derivative of the

device power. *)
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dpt[tl-.,t2-.,t3...I:= {2*(Cos[tl + t2] + Cos~tI + t2 + l*

(-Sin~ti + t2] - Sin~ti + t2 + t31) +

2*(Cos[tl] + Cos~ti + t2] + Cos~ti + t2 + t31)*

(-Sin~tl] - Sin[tl + t21 - Sin[tl + t2 + t3])

2*Cos[tl + t2 + t3]*Sin[tl + t2 + t3] ,

2*(Cos[tl + t21 + Cos[tl + t2 + j*

(-Sin~ti + t2] Sin~ti + t2 + t3]) +

2*(Cos[tll + Cos~ti + t2] + Cos~ti + t2 + l)

(-Sin[tl + t2] - Sin[tl + t2 + t31) -

2*Cos[tl + t2 + t311*Sin~tl + t2 + t33,

-2*Cos[tl + t2 + t3]*Sin[tl + t2 + t31 -

2*(Cos[tl + t2] + Gas [ti + t2 + t3])*Sin[tl + t2 + t3]

2*(Cos[tll + Cos[tl + t21 + Cos~ti + t2 + t3])*Sin[tl + t2 + t3]1

(j[]~ is the manipulator Jacobian, jp[l is its pseudoinverse. *

j[tl..,t2-.,t3-]:= {{-Sin[tl] - Sin[tl + t2] - Sin[tl + t2 + t3],

-Sin~ti + t21 - Sin~ti + t2 + t3], -Sin~ti + t2 + t311,

{Cos[tl] + Cos[tl + t21 + CosEti + t2 + t3],

CosEtI + t2] + Cos~ti + t2 + t3], Cos~ti + t2 + t3111

jp[tl..,t2-,t3-.] :pinv[j [tl,t2,t31]

(*dp[] calculates the device power, eff[I calculates efficiency.
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dp[tl_,t2_,t3_]:= f.v + f.j[tl,t2,t3].T[J[tl,t2,t3]].f

eff[tl-,t2-,t3-]:= f.v/dp[tl,t2,t3]

(* The expressions below set the intial variables for the task. *)

k:=1

xO:=O

xf:= .3

dx:=.l

qO:=0

q=qO

tO:={2.87071,-2.68862,-.382089}

t=tO

dtO:={0,0,0}

dt=dtO

tv=Table [0, {z,51}]

qv=Table [0, {z, 51}]

effv=Table[0 ,{z,51}1

dpv=Table [0 ,{z ,51}]

(*The function Q[w.] runs a simulation of the lift task from ý=0 to

t=w, using the kinematically redundant equations. The QO[w_]

function runs the same simulation without taking advantage of

redundancy. *)
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Q[wJ:= Block [{ttO,dt=dtO,q=0}, Do~t=N[t+dt dx] ; a=N[t[[I1IJ]I;

b=N[t[E[211] ; c=N[t E[3]]1]; dt = N[jp [a, b,ci v - k (Id[3]

-jp [a, b,c j [a, b,c] ).Apt [a, b,cfl ; q =N~q + N[dp [a, b,cl dx]]I;

i=Floor[1O.O1 x + 1]; tv[[i]] = t; effv[[ill = N[eff[a,b,c]];

dpv[[i]] N[dp[a,b,cl]];qv[[iiII=q, {x,xO,w,dx}] ;Print[ql]

QO [w_1.:] Block [f{ttO:dt~dtO,q=O}, Do [t=N [t+dt dx]; a=N [t I1]]]

b=N[t[[2]]] ; c=N~t[[3]]] ; dt = N[jp[a~b,c].v] ; q N[q +

DH~dp[a,b,c] dxli ; i=Floor[1O.01 x + 1] ; tv[[il] t; effv[[iII]

N[eff[a,b,c]]; dpv[[i]] = N[dp[a,b,cl];qv[[ili=q,

{x,xO,w,dx}] ;Print [qi]

(*The functions below draw a picture of the motion simulated by Q[]

or QO[], using Mathematica's graphics primitives. *)

G[tl_,t2-,t3-.,g-]:=Graphics[{GrayLevel[g],Line[{{O,O},{xl[tl],yi

Etl]},{x2Etl,t21,y2[tl,t21},{x3[tl,t2,t3],y3[tl,t2,t3]}}],LineE{{-

.3,O},{.3,O}}]I,PointSize[O.03],PointKrO,}1],Point[{xl[tl],yl~tl]}]

G1[v..,g_. : G~vE[l]] ,v[[2]] ,v[[31] ,g]

Gp[x..,g-.. Block[{},Glist=Table [0,{fz, 1O}]; Do[Glist[[Floor[i/5

+1]]]=G1[tv[[il] ,g] ,i,1,x,5}l]

Gf :DroplIGlist ,-Count[Glist ,ol]
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(* The following functions calculate the position of each joint for

the graphics functions. *

xl[tii := Cos~tli

yl[tli]:= Sin~ti]

x2[t1-,t2-]:= xl[tl] + Cos[tl+t21

y2[t1-,t2]:= yl~tl] + Sin[tl+t2]

x3[t1-,t2-,t3]:= x2[tl,t2] + Cos[tl+t2+t3]

y3[tl..,t2-,t3-]:= y2l[tl,t21 + Sin[tl+t2+t31
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The perforance of an autcmation or robotic device can be measured in terms of its
power efficiency. Screw theory is used to mathematically define the task in-
stantaneously with two screws. The task wrench defines the effect of the device on
its environment, and the task twist describes the motion of the device- The tasks
can be separated into three task types: kinetic, manipulative, and reactive.
Efficiency metrics are developed for each task type. The output power is strictly a
function of the task screws, while device input pwer is shown to be a function of the
task, the device Jacobian, and the actuator type. Expressions for input power are
developed for two common types of actuators, DY2 servamtors and hydraulic actuators.
Simple examples are used to illustrate how power analysis can be used for task/
workspace planning, actuator selection, device configuration design, and redundancy
resolution.
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